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ABSTRACT
The length changes during ageing at 320°C of alloys containing 
I06I to 1.80 weight per cent beryllium and 0.22 to 0.29 weight per 
cent cobalt have been investigated for various geometries, solution 
treatment temperatures and quench media. Considerable variation in 
length change has been observed when the alloys are in strip form.
This is shown to be associated with plastic deformation during quenching 
from solution treatment temperature.
A quenching procedure has been developed which eliminates this 
plastic deformation and gives uniform length change. Upper and lower 
limits of quench range are proposed and computer programs provided to allow 
of their evaluation for a range of simple geometrical forms.
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INTRODUCTION
Alloys in the region of 1.5 to 2 weight per cent beryllium, 
with smaller additions of other elements would seem to have a number 
of remarkable, even exasperating, properties. This work is concerned 
with one such aspect: the apparently random distortion which occurs
during the precipitation hardening of components fabricated from this 
alloy in the solution treated condition.
Precipitation hardening in the system copper-beryllium was first 
observed in the late 1920*s by the German metallurgists Otto Dahl 
and Georg Masing in an attempt to find applications for the then recently 
developed electrolytic beryllium and beryllium alloys. A number of 
noteworthy features are observed in this (binary) system. The atomic 
size factor is only just within the lower, limit of Hume-RotheryTs 
rule for appreciable solid solubility. (Goidschmidt atomic radius 
of Cu = 2.55 X; Be = 2.25 %.) Consideration of the limit of solid 
solubility of Be in Cu (16.4 atomic per cent, 2.7 weight per cent) 
introduces the considerable difference in atomic weight - a factor of 
almost exactly seven. A table of conversion of weight to atomic 
percentages is given in Appendix 1. Similarly, the precipitation 
hardening properties are very pronounced. A solution treated material 
with a hardness of 90-95 VPN can, under commercial ageing conditions, 
reach 375 VPN. The work-hardening behaviour is also worthy of note. 
Solution treated material, with initial hardness as above, achieves 
a value of 250 VPN with 33 per cent reduction of area. This is to some 
small extent additive to the precipitation hardening; thus, a solut ion 
treated, fully work-hardened material will give a hardness of over 
400 VPN.
The above hardening effects are not surprisingly accompanied 
by a drop in ductility to virtually zero and a marked increase in 
the elastic limit. When considered together with the fact that the
2elastic modulus is extremely low (13,500 Kg/mm ) it will be apparent 
that this alloy in the age hardened condition is very suitable for 
the manufacture of springs. It is indeed the only material suitable 
for use under certain arduous conditions of service where a ferro­
magnetic material may not be usedo Since the negligible ductility 
precludes any forming operation after ageing, it is necessary to 
form the articles with the alloy in the solution-treated (or solution- 
treated and cold-worked) condition and. age subsequently0 It is in 
this last stage that difficulties arise; not infrequently distortion 
of the parts occurs during this ageing. Such distortion is illustrated 
in Figure 1, the centre spring being acceptable, while the two outer 
ones show the twisting typical of this effectc No explanation has 
been, found in terms of the usual manufacturing variables such as 
chemical composition. Expensive expedients adopted have been jigging 
and embedding in cements during ageing, with but small success.
The Spring Research Association, in the interests of their 
members, has over a period of years sponsored extra-mural research 
in universities into the ageing behaviour of this alloy.' Wynn (1960) 
studied the effect of isothermal treatments on the grairi-boundary 
precipitation; Armitage (1963) carried out the first serious electron 
microscope investigation into the nature and sequence of the 
precipitates. The present work sets out to study the dimensional, 
changes which occur during the ageing of commercial alloys in the 
range 1.5 to 2 weight per cent beryllium, 0.2 weight per cent cobalt, 
remainder copper. It was decided to investigate the length changes 
during ageing by carrying out this treatment in a Chevenard dilatometer. 
Following a suggestion by Armitage, preferred orientation was 
considered a possible cause of the distortion in strip material.
Initial experiments were carried out to investigate the effect of 
this variable; however, as will be seen, other factors were found to 
predominate.
F i g ure 1. T y p i c a l  d i s t o r t i o n  of  copper  - bery Hi u m
s p r i n g s  a f t e r  age i ng
CHAPTER 1
PREVIOUS WORK '
101 Introduction
Relatively little of the vast volume of literature on precipitation 
hardening has been directly concerned with the dimensional changes 
occurring during precipitation,, As these cannot in any case be 
studied in isolation, it is relevant to include here a more general 
survey of the precipitation hardening phenomena in the systems copper- 
beryllium and copper-beryllium-cobalt„ Where appropriate reference 
is also made to other systems - principally Al-Cu - which have been 
the subject of more intensive investigations.
After looking briefly at the classical work involved in the 
discovery of precipitation hardening in copper-beryllium alloys, 
the present state of knowledge of precipitate morphology and kinetics 
is reviewed, followed by consideration of the literature on dimensional 
changes„
102 Precipitation Hardening
The discovery of ’temper-hardening1 in Al-Cu-Mg alloys by Wilm 
in 1911 has probably given rise to more investigations than any other 
topic in metallurgyo These have been summarised in. various review 
articleSo Reference has been made in the present work to those by 
Mehl and Jetter (1940), Smith (1949), Geisler (1951), Hardy and Heal 
(1954), Newkirk (1959) and Kelly and Nicholson (1963)„ More recently, 
Martin (^968) has summarised current ideas and published extracts from 
classical papers in this field.
The above all introduce and develop the ideas of continuous and 
discontinuous precipitation, the structure and mechanism of clustering, 
Guinier-Preston zones, intermediate and equilibrium precipitates and 
their occurrence in various alloy systems.
Precipitation hardening in copper alloys has been reviewed by
Crampton (1940) and Robertson and Bray (1959).
1o3 Equilibrium Diagrams
1.3.1 Cu-Be
The thermal equilibrium diagram for the system Cu-Be as given 
by Hansen (1958) is reproduced as Fig0 2. There is a marked variation 
of the solvus line with temperature, falling from 2.7 weight per cent,
16.4 atomic per cent at 866°C to 0 o2 weight per cent 1.35 atomic per 
cent at 300°C. The large difference between atomic and weight per 
centage is due to the difference in atomic weight of Cu and Be0 
(Appendix 7). A typical commercial alloy of 1.90 weight per cent Be 
thus corresponds to 12 atomic per cent. A simple binary, alloy of 
this composition should enter the single phase region at 700°C, giving 
a theoretical solution treatment range up to 866°C.
Beyond the a solvus, the diagram consists of a eutectoid, or 
more correctly, syntectoid involving the decomposition of (3 at approxi­
mately 605°C to give a + (31. (31, formerly designated Y, is an ordered
body-centered cubic structure of B2 type ((3-brass) having Cu atoms at 
(000), Be at (iJr|) and a = 2.70$. The (3 phase is believed to be a 
disordered form of (3c. Although the above terminology is strictly 
logical according to the rules for labelling phase equilibrium diagrams, 
it has the result that when dealing with the precipitation sequence, 
the equilibrium precipitate will be (3*. In order to avoid confusion, 
it has become customary in this context to retain the designation Y 
for this phase. This convention is respected in the present work.
The variation of lattice parameter with composition has been 
determined by Miyatani (1949). A value of a = (3.608 - 0.003C) $ 
was obtained, where C is the atomic concentration of beryllium.
Armitage also determined this relation, presenting his results 
graphically. In numerical terms these correspond to a = (3.608 -0.0033C
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1*3.2 Cu-Be-Co
It has been noted that ,bluet circular and cuboidal precipitates 
occur in alloys in which cobalt is present. These are believed to be 
the phase Co Be.
Reinbachr.and Baer (1969) have investigated the copper-rich 
corner of the equilibrium diagram. They have published a qualitative 
(sic) section at 0 o25 weight per cent Co. This is reproduced as Fig.
3. According to this, an alloy composed of more than 1.6 weight per 
cent Be would contain Y CuBe at the solution treatment temperature.
This figure is frequently exceeded in continuously cast commercial 
alloys without Y being present. It is very difficult, however, to 
redissolve Y once precipitated; this would lead to uncertainty in 
the position of this line.
1.4 Precipitation Hardening of Copper-Beryllium
This effect was first observed by Masing and Dahl (1929). In 
an attempt to determine structures, ingots of various beryllium contents 
were heated at various temperatures and quenched. They noticed that 
alloys above 1.5 per cent Be, when heated at 540°C, showed a much 
higher hardness than similar alloys heated at higher temperatures.
This led to an investigation of the effect of beryllium content, 
solution temperature, ageing temperature and cold work on the hardness 
developed. Changes in volume and electrical conductivity were also 
measured and will be discussed subsequently. It is interesting to 
note that they were unable to determine Young*s modulus by applying 
an extensometer in a tensile test due to distortion of the test-pieces 
during age hardening. X-ray examination of both quenched and aged 
alloys enabled the structure of the Y phase to be determined. Widening 
of the lines (especially at high Bragg angles) of the solid solution 
was also observed and attributed to internal stresses during formation 
of Y nuclei.
At some time subsequently, it appears to have been found that
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additions of about 0.2 per cent of certain elements caused a marked 
improvement in the hardening behaviour. This discovery does not 
seem to have been published, possibly for commercial reasons0 Smith 
and Von Wagner (1941) in a paper on tensile properties of copper alloys 
refer .to an alloy containing 2 a16 per cent Be, 0.22 percent Ni and 
0.11 per cent Fe. Later, the use of cobalt appears to become usual: 
Beck (1949) compares the behaviour of a nominal 2 per cent beryllium 
alloy with and without 0.2 per cent cobalt. The binary alloy gave a 
higher rate of ageing, coupled with more rapid overageing and lower 
peak hardness. This was associated with discontinuous precipitation 
at the grain boundaries.
105 Solution Treatment
The majority of manufacturers recommend a solution treatment 
temperature of 790°C. Beck (1949) has shown that at temperatures 
above 787°C, discontinuous precipitation at the grain boundaries on 
subsequent precipitation is suppressed. The effect of certain trace 
elements - Cr is mentioned - is' to promote grain boundary precipitation. 
This can be eliminated by the use of still higher solution treatment 
temperatures. The use of higher solution treatment temperatures (up 
to 842°C) was found to give a more rapid increase in hardness, although 
the final hardness was similar in each case.
Beatty (1957) studied the effect of prior deformation,solution 
temperature and time on the recrystallisation of a solution treated 
alloy with 1.96 per cent Be, 0.26 per cenf'Co. After deformation 
ranging from 10 to 90 per cent recrystallisation commenced in 15 minutes 
at 760°C, reaching completion in 30 minutes. At 787°C the times for 
start and finish were 45 seconds and 3 minutes respectively, further 
falling to under 45 seconds and 1 minute at 815°C. The grain size 
appeared to be constant at approximately 0.030 mm for reductions of 
60 per cent and solution treatment times of up to 30 mins. Prolonged 
heating - 8 hours - caused grain growth to 0.045 mm, 0.065 mm and 0.120
mm at 760°C, 787°C and 815°C respectively. It 1hus appears that the 
cobalt bearing alloy shows resistance to grain growth unless very long 
solution treatment times are employed.
1.5.1 Internal Oxidation
This phenomenon is observed in dilute solid solutions in which 
the solvent metal has a relatively low affinity for oxygen - Ag, Cu,
Ni, Fe and the solute is a less noble metal - Be, Cr, Al, Zr. When 
such an alloy is exposed to an oxidising atmosphere at high temperatures, 
particles of solute metal oxide are observed to precipitate at an 
advancing reaction front within the matrix. Internal oxidation was 
first observed in the system Cu-Be by Rhines (1940). The whole subject 
has been reviewedby Rapp (1965), who requires the following conditions 
to be fulfilled before internal oxidation can take place:
(a) the free energy of formation (per mole of oxygen) for 
the solute metal oxide in the bulk alloy must be more negative than 
the free energy of formation (per mole of oxygen) of the lowest oxide 
of the solvent metal;
(b) the free energy for the reaction of dissolved oxygen with 
solute to form the solute metal oxide in the solvent lattice must be 
negative and to achieve the required activity of dissolved oxygen
at the reaction front, the pure solvent metal must exhibit a signi­
ficant solubility and diffusivity for atomic oxygen in its lattice at 
the temperature of oxidation;
(c) the solute metal content of the bulk alloy must be lower 
than that required to cause the transition from internal to external 
oxidation; „
(d) at the start of the oxidation, a surface layer formed in 
the chemical or mechanical preparation of the alloy surface must not 
prevent the dissolution of oxygen in the base metal.
The behaviour of copper-beryllium has been studied in detail by
Maak (1961) and Maak and Wagner (1961). The solute metal oxide is 
formed principally by the outward diffusion of cations through the 
scale and the internal oxide precipitate (BeO) does not react with 
the external scale to form a complex oxide. For a dilute alloy (mole 
fraction of beryllium in bulk alloy = 0.015, equivalent to 0.21 weight 
per cent), tiny spherical internal BeO precipitates Are formed. These 
become incorporated into an inner, porous, part of the Cu^O scale; 
this latter is continuing to form according to a parabolic rate law.
The necessary transport of oxygen for further internal oxidation 
inwards across the metal/scale interface occurs thus: BeO particles
at this interface restrict the plastic deformation of the scale which 
is necessary to maintain metal/scale adherence; condensation of 
cuprous ion vacancies can also introduce microscopic voids. These 
voids set up oxygen activity gradients, resulting in dissociation of 
Cu 0. Thus, a porous inner scale of Cu 0 and BeO results, with 
further internal oxidation of Be to BeO.
For a more concentrated alloy (mole fraction of Be = 0.066, 
equivalent to 1.0 weight per cent), the infernal oxidation forms BeO 
platelets which extend from the internal oxidation front to the 
original external surface. These again restrict plastic deformation 
of the scale, and a porous inner Cu^O + BeO scale results, in addition 
to the outer compact Cu^O scale. Gross weight change per unit area 
follows a modified parabolic law, the rate constant varying with 
Be content.
Alloys with mole fraction of Be equal to 0.126 (2.1 weight per 
cent) showed no internal oxidation of Be. A compact external layer 
of BeO was formed which thickened extremely slowly.
Nearly all commercial alloys contain less than 2.1 weight per 
cent Be, 1.8 per cent being a typical figure. They will thus be seen 
to be susceptible to internal oxidation: indeed, the formation of a
BeO film is normally considered undesirable, due to its abrasive 
effect on cutting and forming tools. While it is customary when 
cold rolling to carry out intermediate solution anneals in a controlled 
atmosphere (cracked ammonia may be used), it is almost universal 
practice to achieve primary reduction by hot rolling. This must 
result in some degree of internal oxidation being present in most 
commerical material.
1.5.2 Quenching
This very necessary part of the precipitation hardening cycle 
does not appear to have been studied in detail in the Cu-Be system. 
Indeed, Geisler (1952) has shown that small specimens attained the 
same final hardness when air cooled as when water quenching was 
employed, indicating that the sensitivity to cooling rate from solution 
treatment temperature is not great. Wynn (1960) in a study of discon­
tinuous precipitation by isothermal transformation technique obtained 
a curve similar to that for austenite transformation. No grain boundary 
reaction took place at the knee of the curve (500°C) until 25 seconds 
had elapsed (grain size 0.022 mm). Normal commercial practice is 
to employ ’water quenching*. In view of the scarcity of information 
relating to the effect of quenching upon alloys in this system, it 
would seem relevant to examine results obtained in other precipitation 
hardening systems, notably Al-Cu.
As a result of the rapid extraction of heat from a metal surface 
during quenching, temperature gradients are set up in the interior.
These gradients set up strains due to the differences in thermal 
expansion. Providing these strains do not exceed the yield strain for 
the material at the appropriate temperature and strain rate, deformation 
remains elastic, and no residual strains will be present after quenching, 
since quenching commences with the material at one uniform temperature 
and concludes with it at another uniform temperature. Where plastic 
deformation occurs, residual internal strains will be present at the
final temperature. Kempf et al (1934) measured residual strains
in water quenched 7 inch diameter cylinders of Al-5 per cent Cu.
-3The maximum shear strain was 3 x 10 . Phillips and Brick (1934)
found that \ inch diameter Al - 3 per cent Cu cylinders gave strains 
-4
of 1 x 10 after quenches m  which the surface heat flux was about 
-2 -1100 cal cm sec 0 Jackson (1965) quotes strain figures for gold 
wires of various dimensions which show the strain to be larger in
larger diameter wires (3C18 mm diameter : Maximum plastic shear
-5 -5strain 25 x 10 ; 0o408 mm diameter: 1.5 x 10 shear strain). It is
not clear, however, whether these figures refer to retained strain
at room temperature or to strain occurring during the quench„ The
same author also quotes values for strain due to hydrodynamic lift
and drag forces between test piece and liquid quench medium. These
increase with decrease of wire diameter, and appear in this case to
be appreciable only below 0.2 m m  diameter.
The other aspect of quenching concerns the importance of this
stage in retaining excess vacancies, corresponding to the concentration
at the solution treatment temperature. Current theory attributes the
anomalously high diffusion rates experienced in the earlier stages of
precipitation to the presence of these excess vacancies.
Balluffi et al (1970) have reviewed the behaviour of vacancies
during quenching, although confining their attention once again to pure
metals (principally gold). They indicate how vacancy concentration
measurements may be corrected for loss of vacancies during quenching
by extrapolating to an infinite cooling rate. They conclude that
the number of vacancies induced by quenching strains is small
compared with the number quenched in and that quenching strains of
-3 . .
the order of 10 may be expected to generate sufficient dislocations
to absorb a significant fraction of the vacancies present at the
quenching temperature.
The effect of quenching strains on precipitation hardening was
studied by Phillips and Brick, who found that in Al-Cu, unstrained
material did not harden at room temperature,, Their results were
dismissed as coincidence by Prakash and Entwistle (1959). The latter
-3introduced a plastic strain of 4 x 10 in tension by quenching test
pieces of A1 - 3.8 per cent Cu pegged across a steel frame0 Hardness
figures at room temperatures showed no difference from those quenched
in an unconstrained manner. Experiments on hollow cylinders of the 
alloy
same^quenched on hollow graphite mandrels of differing wall thicknesses 
showed a marked difference in the rate of hardening at 100°Co This 
was attributed to difference in cooling rates affecting the vacancy 
concentration. Again no distinction seems to be drawn between the 
effect of plastic body strains introduced during quenching and 
residual (elastic) strains remaining at the ageing temperature nor 
has the difference between compression and tension been taken into 
account. The relation between vacancy concentration, strain and 
precipitation kinetics therefore is not well established.
1.6 Prec ipit at ion
1. 6.o 1 Early Stages of Precipitation in Copper-Beryllium Alloys
This has been studied principally by resistivity measurements. 
Masing and Dahl noted that on ageing binary alloys in the range 1.5 
to 2.5 per cent Be, the expected decrease in resistivity on decomposition 
of the supersaturated solid solution was not experienced at low 
ageing temperatures: at 150°C, an increase took place (up to 645
hours); at 200 and 250°C the resistivity reached a maximum before 
decreasing. Thomas (1965) investigated the effect of ageing temper­
atures up to 235°C on the resistivity of binary and ternary alloys.
This was found to increase at room temperature, not attaining a 
maximum after 9000 hours. At higher temperatures (250°C) the resis­
tivity maximum was only observed if quenching resulted in no effective 
excess vacancies. This is interpreted as signifying that during and
immediately after quenching, solute clustering occurs, causing the 
resistivity increase. These clusters arise provided that excess 
vacancies are present above 100°C and develop with increasing time 
of ageing.
Lawley et al (1967) carried out ageing treatments at temperatures 
between 20 and 350°C on a range of binary alloys from 0.51 weight 
per cent to 1.99 per cent beryllium. The electrical resistance was 
measured during the course of these treatments. Unfortunately, the 
major part of the work was confined to an alloy of 0.84 weight per 
cent Be. In this case a reversion technique was employed to correct 
for any clustering during the quench: this gave a corrected value for
the start time; a value for the diffusion coefficient was obtained 
by measuring the slope of the fractional resistivity versus time curve 
extrapolated back to this datum. By varying the solution treatment 
temperature it was found possible to derive a value for the activation 
energy for vacancy formation; by varying the ageing temperature, that 
for vacancy migration was obtained. Using this method, values for 
vacancy formation of 0.91 +_ 0.20 eVand0.61 + 0.09 eV for migration 
were measured in the 0.84 weight per cent Be alloy. It was considered 
by these authors that 1.99 per cent Be was outside the range of 
applicability of usual theory, which associates a vacancy with a single 
solute atom (at an atomic percentage of 12.5 the probability of a 
vacancy being associated with two solute atoms in the F.C.C. lattice 
is 0.5). This precluded the determination of formation energies: the
energy of migration was given as 0.93 _+ 0.07 ev by isothermal 
annealing and as 1.05 +_ 0.21 eV by a variable ageing temperature 
technique in which the energy of migration was derived from the change 
in slope of the fractional resistivity versus time curve. This alloy 
was found to have an extremely slow rate of increase of resistance 
on ageing at 100°C. The explanation for this was held to lie in the 
probability of one vacancy being associated with two solute atoms,
thus facilitating movement of beryllium atoms. Under these conditions, 
clustering of solute would be expected during the quench, thus 
eliminating the rapid increase in resistance to be expected due to 
this taking place in the initial ageing stages. This would seem to 
be at variance with Masing and Dahl, who found resistivity increases 
at 150°C in alloys up to 3 weight per cent.
Wilkes (1968) made resistivity measurements on 1, 1.5 and 2 
weight per cent Beryllium alloys. This worker did not experience 
the reluctance of the 2 per cent alloy to age at 100°C - due possibly 
to the use by him of a brine quench rather than the helium previously 
employed by Lawley et al. Activation energies of 1.0 eV for 1 per 
cent, 0.93 eV for 1.5 and 0.92 eV for 2 per cent were determined 
from resistivity curves at 140°C for various solution treatment 
temperatures. These were compared with a value of 1.17 eV for pure 
copper and an approximate figure of 0.2 eV for the binding energy 
between a solute atom and a vacancy inferred. Unlike the previous 
work a figure was given for the energy of formation for the most 
concentrated alloy. A plot of resistivities for various ageing 
temperatures in the range 100-220°C gave values of 0.62 eV for 1 per 
cent, 1.0 eV for 1.5 and 1.10 eV for 2 per cent Beryllium. The 
lowest result was held to be close to the energy of migration of a 
’vacancy solute complex’ and the higher pair to be appropriate to 
that for a vacancy plus two solute atoms.
Wilkes and Barrand (1968) published the results of an investigation 
into the early stages of ageing using a dilatometric technique.
Details of the length changes found will be discussed in the appropriate 
section. Their kinetic deductions are, relevant at this stage. The 
classical technique of quenching test-pieces from various temperatures 
in the range 750 to 820°C and ageing at a common temperature of 170°C 
was employed. The contraction observed was assumed to be due to 
vacancies ’’annealing" and an Arrhenius plot drawn of the natural
logarithm of the total contraction (equal to the vacancy concentration
removed) against the reciprocal of the absolute temperature*. This
gave the relationship (for 1„5 per cent Beryllium) 
i ~ — a 'i 0.95
l n  cv -  4 -3 - “
where C.^  is the vacancy concentration, k is Boltzmann*s constant in 
-1
eV k  and T is the quenching temperature in K„ This agreed well 
with the figure of 0.95 e previously determined for energy of 
formation of vacancies by resistivity measurements. Unfortunately, 
however, the contractions measured do not seem to have been considered 
in the light of actual vacancy concentration determined elsewhere.
This parameter is not as readily measured as the energetics of vacancy 
movement, and the values obtained differ widely with the method
-4employed. Simmons and Baluffi (1963) obtained a value of 2 x 10
of
for the vacancy concent rat ion^jpure Cu at its melting point, using a 
technique which compared the lattice parameter with the thermal 
expansion over a range of temperatures. Kraftmakher and Strelkov
3
(1970) from specific heat measurements obtained a value of 5 x 10“
—4 oat this temperature, corresponding to 2 x 10 at 827 C„ The volume
-3
contractions measured by Wilkes and Barrand varied from 1.5 x 10 
-3
to 3.2 x 10 . It is thus apparent that, despite the agreement
between the measured values for energy of vacancy formation, these 
authors were observing some phenomenon other than vacancy annealing,,
1.6.2 G„Po Zone Formation
Guinier and Jacquet (1943 and 1944) were the first investigators 
to conclude the existence of Guinier-Preston zones in the copper- 
beryllium system from x-ray Laue.pictures of•aged single crystals.
They suggested a disc-shaped zone, coherent with the matrix, with 
beryllium atoms segregating on the j1001 planes. This was confirmed 
by Guy, Barrett and Mehl (1948)'and has not been contradicted 
subsequently. Armitage (1963) studied both binary and ternary alloys
by transmission electron microscopy, finding that at early stages 
of ageing (1 to 2 hours at 200°C) a dense mottled structure was 
observed within the grains, coupled with short streaks on the electron 
diffraction pattern in <(llO)> directions. It was suggested that this 
was due to plate-like segregates with an average thickness of 25$ 
on |llo| matrix planes, corresponding to the ’cluster* stage proposed 
by other investigators. Tanner (1966) found similar relstreaks in 
an alloy 2 el weight per cent beryllium and 0.32 per cent cobalt aged 
for 30 minutes at 200°C. These were interpreted in terms of the elastic 
coherency strains resolving as shears jllo| ^110)>due to the high 
degree of elastic anisotropy presumed in the solid solution lattice.
Armitage found that further ageing caused elimination of 
diffraction contrast from electron micrographs. This was accompanied 
by.what he termed ’diffuse striations* on the Bragg contours, together 
with streaking along <(100^> rel-directions on electron diffraction 
patterns. This streaking agreed with the previous x-ray results in 
being consistent with plate-like G.P. zones on jl00j planes of the 
matrix. Using the model of similar zones in aluminium - 4 per cent 
copper postulated by Gerold (1954), the region of a G.P, zone in 
Copper-Beryllium was described as having a tetragonal unit cell with 
a = 3.58 8 and c =3.22 8. The latter value was calculated from the 
relative diameters of copper and beryllium atoms and the solid 
solution lattice parameter. This was corrected for long range atomic 
displacements according to the model of a G.P. zone in aluminium- 
copper put forward by Gerold (1954). No further details were given 
of this calculation: however, Gerold’s work predicts a 10 per cent
displacement of the planes adjacent to the centre of the zone and 
this would correspond with Armitage's value of 3.22 8.
More recently Hasebe, Okabe and Mannami (1971) have published 
details of a structure analysis of the zone structure in copper- 
beryllium. Like Gerold, they analysed streaking on diffraction
patterns, using electron diffraction where Gerold used X-rays.
Their analysis proposes a displacement of 8 per cent, remaining 
constant over 3 or 4 atomic layers from the centre of the zone, 
decreasing outward gradually from this distance. A substitutional 
rate of 25. per cent beryllium atoms is proposed in the zones: this
is only twice the mean concentration in a 12.5 atomic per cent alloy. 
The smaller diameter of the beryllium atom would presumably result 
in a larger displacement of the planes, thus, Armitage’s figure would 
seem to be in agreement with the later authors’ results.
Streaking on electron-diffraction patterns was found by 
Armitage to be accompanied by anomalous spots in positions where 
jhklj- were not all odd or all even - |llo} on a jooij surface.
The origin of these spots was discussed at some length in the light 
of diffraction patterns from various planes. A {110 } surface showed 
clearly that these were discrete spots in jlioj positions streaked 
along <[ 100)> , and not due to streaking of points in |lll| positions
intersecting the Ewald sphere. The considerable difference in 
scattering power between beryllium and copper atoms was noted and 
structure analyses performed for both electrons and x-rays; both, 
however, required the presence of anomalous reflections (of similar 
intensity) in |l0o| positions which were never found. It was 
suggested that the |llo| intensities were due to the structure of 
the precipitate interface, since they appeared more strongly when a 
high density of G.P. zone interfaces was present.
Wilkes and Jackson (1969) from a { 210} surface pattern infer 
that the extra spots are due to streaking of |lll| reflections.
They do not appear to have examined a jlioj- surface.
The most characteristic feature of the bright-field appearance 
of well developed G.P. zones in this alloy is the appearance of 
diffuse striations along <( 110 matrix directions. In suitable 
orientations, these have the appearance of textile warp and weft,
causing Armitage to dub them ’tweed’. These also present a 
difficulty since the zones themselves form on the cube planes.
Armitage obtained dark-field pictures from various reflections in 
a { 111 | surface of an alloy which had beenaged 92 hours at 280°Co 
Photographs from the j 220 | reflections produced three sets of striations 
at 60° inclination, as also did bright field. The anomalous j 110 j- 
reflections each had a set of striations absent. These correspond 
to those normal to the rel-direction of the image-forming reflection.
It was suggested that this could be explained qualitatively by the 
assumption that the zones were arranged in a body-centered cubic 
lattice, with three zones of different orientation at each lattice 
point.
Tanner considered the diffraction contrast from the ’zone’ 
structure in the light of the kinematical theory of diffraction. He 
considered that the disc-like G.P. zone could be regarded as a
prismatic loop formed by a disc of vacancies collapsing. This gave
a ’coherency dislocation loop’ round the edge of the disc. This, for 
a zone parallel to (010) would have Burgers vectors in the directions 
[oioj and [oio] . Due to the large degree of elastic anisotropy 
to be expected in this lattice, these resolve their strains along 
the appropriate <^110y directions. These directions were determined 
for various planes and related to the <(110)> relrods observed in the 
early stages of ageing. The investigation appears to have been limited
to ageing times of about 1 hour at 200°C. The ’tweed’ pattern is
not developed at this early stage, nor are the anomalous diffraction 
spots, therefore this work does not appear to cast any light on the 
topics discussed in the preceding paragraph.
Tyapkin (1966) obtained <(110)> rods on X-ray diffraction of 
lightly aged single micro-crystals obtained by chemical thinning of 
2 per cent beryllium rods to a fine point. These were accounted for 
in terms of elastic anisotropy in a somewhat less rigorous manner
than that adopted by Tanner.
It is evident therefore that there are a number, of matters 
yet to be resolved with certainty in connection with the G.P. zone 
structure in copper-beryllium alloys. It is established that disc 
zones form on the j 100 J- planes of the matrix. A consistent picture 
has been drawn of the early stages of formation: <(110)> streaks appear
(selectively) on diffraction patterns (both x-ray and electron) and 
may be explained in terms of the elastic anisotropy of a (pure) copper 
lattice. However, as zone formation proceeds and lattice strain 
becomes greater, the <110)> relstreaks give place to strong <( 100)> 
relstreaks and anomalous |llo| reflections appear, showing as spots 
on jl00| surfaces. At the same time, a ’tweed’ striated structure 
becomes visible on bright field with ’warp’ and ’weft* in <^110^ 
directions. The transition occurs at much the same time and temperature 
as the resistivity peak. There does not appear to be any explanation 
which takes all these factors into account.
1.6.3 Intermediate Precipitate(s)
This term is here taken to mean partially or non-coherent 
precipitation which is homogeneous or continuous throughout the matrix. 
It may result from the transformation of G.P. zones, or if taking 
place above the appropriate temperature on the metastable equilibrium 
diagram, from direct precipitation from the matrix. It may therefore 
be taken as the next stage after zone formation in the theory of 
sequential precipitation due to Guinier (1952). Some difficulty arises 
when considering work prior to the general acceptance of this theory. 
Confusion also arises between phenomena due to continuous and 
discontinuous precipitation.
Guinier and Jacquet (1953,1954) considered that zone formation 
gave way to the progressive formation of T, CuBe. Marked hardness 
increases were associated with this stage and this was succeeded by 
the appearance of Y phase precipitate in the matrix accompanied by
decrease in hardness. They gave the orientation relationship as 
nearly
(100) a | | (100) Y
[Oil] a || [OIO] Y
These relationships are almost certainly those for the equilibrium 
precipitate.
Guy, Barrett and Mehl found no transition lattice and concluded
that no lattice other than the equilibrium precipitate grew to an
extent sufficient to cause three-dimensional diffraction.
The most extensive investigation using X-ray methods was that 
of Geisler, Mallery and Steigert (1952), using single crystal specimens 
prepared by the previous authors in conjunction with an oscillating 
crystal technique. Ageing was carried out at 300°C for times up to 
18 hours. At the longest time, additional reflections were found, on 
the basis of which two intermediate structures were postulated. The 
first of these, Y*' was body-centered monoclinic with 
. (Ill) a || (110) Y "
[ l i o ]  a | |  [ 001]  Y "
This was assumed coherent on the (100) matrix plane and gave way 
to Y*, a body-centered tetragonal phase with a = 2.79 8, c = 2.54 8 
and
(112) a | | (120) Y'
[110] a || [00l] Y1
This relationship requires a tilt of 8.7° about the Tool] Y* axis.
It should also be noted that 2.54 8 corresponds to the (110) spacing 
of the matrix.
Armitage studied the development of precipitates by transmission 
electron microscopy* A specimen aged for 4 hours at 350°C showed a 
rod-like precipitate with curled ends. Diffraction patterns from 
material containing this precipitate showed many reflections 
corresponding to a spacing of between 2.68 and 2.74 8 in a cubic
lattice. These were held to be j100j reflections from a B2 
superlattice - effectively the structure of the equilibrium phase 
Y. Trace analysis revealed that on ageing for 2 hours at 335°C, 
the habit plane of the precipitate was between (010) and (121) on 
a zone of axis [lOl] : ageing for 2 hours at 355°C gave a habit plane
in the same zone, but close to (121). Thus, the habit plane rotates 
from (010) in the case of G.P. zones to (121) in this case.
If one accepts the previously mentioned findings of strong 
anomalous jlioj matrix spots from G.P. zones, these results can be 
reconciled with those of Geisler et al. These reflections would 
almost certainly be present in their 18 hour, 300°C crystal, and 
would account for'their tetragonal Yr parameter. Similarly, the Y tf 
structure would be largely based upon these reflections in the absence 
of the Y phase.
The picture which thus.emerges is of a single precipitating 
phase, Y whose orientation with the matrix varies with the conditions 
of precipitation. There is insufficient evidence to say whether the 
rotation of habit plane is dependent on the degree of development of 
the precipitate (time variant) or is a function of temperature. This 
is further discussed in relation to the equilibrium precipitate.
1.6.4 Equilibrium Precipitate
Dahl, Holm and Masing (1929) found that aged wire specimens 
had Y crystals with a fibre texture with <(llO)> along the axis, while 
the matrix had a <(lll^ > fibre texture*, t
Guinier and Jacquet, as previously mentioned found the 
relationship to be close to
(100) a | | (100) Y
[Oil] a | | [Oio] Y
as did Gruhl and Wassermann (1951).
Guy et al described this as having a 8° tilt of the [ooi] axis
about the [lOOj axis, with a spread of + 2° about the [oio] axis0 
This was later shown by GeiSler et al. to be more correctly
(111) a || (110) r
[110] a || [001] r
This orientation relation was taken to apply to both plate-like 
particles formed continuously at high temperatures (400°C) and to 
discontinuous precipitates at lower temperatures0
Armitage only found equilibrium precipitate formed discontinuously 
after 16 hours at 400°Co Trace analysis confirmed the habit plane 
to be {lllj- matrix with the relation
(111) a | | (HO)- T
[110] a || [001] r
This is the angular equivalent of that proposed by Geisler.
. Wilkes and Jackson found plates which they termed Y* nucleated 
at twins and grain boundaries on quenching directly to 320°C and ageing 
at that temperature,. This gave a relationship similar to the inter­
mediate precipitate - within a few degrees of (112).
In view of Armitagefs findings on the orientation of intermediate 
and equilibrium precipitates - between (010) and (121) at 335°C; close 
to (121) at 355°C; (HI) at 400°C - and the findings of Wilkes and 
Jackson, it is tempting to suggest that the relationship between 
precipitate and matrix is not a function of the mode of formation, 
but is dependent only upon the temperature of formation0 
107 Precipitate Relationships and Kinetics
The theory of sequential precipitation due to Guinier has been 
further developed by Kelly and Nicholson who enunciate the principle 
’•that the alloy decomposes initially along the path of minimum 
activation energy”® This enables the determination of the sequence 
of precipitation at any temperature.by reference to the metastable 
equilibrium diagram. Thus, below the G.P. zone solvus, these will be 
the most rapidly formed precipitates, although they may subsequently
dissolve in favour of a phase having a lower free energy but a 
higher activation energy of formation© Such diagrams have been 
determined for Al-Zn, Al-Ag and Al-Cu0 These may be found in Hardy 
and Heal's review paper0 Armitage found that T f was present after 
2 hours ageing at 335°C. However, G 0P0 zone structure was also present, 
therefore the solvus must be above this temperature0 Examination of 
a series of isochronal hardness curves obtained by Armitage for both 
the ternary (lc77 per cent Be, 0©24 per cent Co) and binary (1©87 
per cent Be) alloys is of interest0 These show a hardness peak at 
increasing temperatures for decreasing ageing times0 If the limiting 
value for zero time is estimated (350°C) and Armitagefs contention is 
accepted that the peak hardness is associated with the initial 
appearance of the equilibrium precipitate, a value of around 350°C 
for the G.P. solvus at these compositions may be inferred,.
Apart from the work concerned with vacancy migration in the 
early stages of ageing, only one author has attempted to determine 
activation energies for precipitation in this system,, Guy, Barrett 
and Mehl obtained a value of 1„0 eV from changes in electrical 
resistance in the range 250 to 400°C in polycrystals0 This agrees 
closely with figures of 0o93 and lo05 determined by Lawley et al 
for the early stages© Guy et al„found that activation energy for 
discontinuous grain boundary precipitate formation was 1©26 eV in the 
region 200 to 400°C© This is in agreement with the sequential theory 
of precipitation,, However, resistance measurements were made on 
single crystals with 1©73 weight per cent Be (as opposed to 1©92 in 
the foregoing) and a value of 0©82 eV obtained© Hardness tests gave 
an even lower value 2 0© 65 eV©
The kinetics of grain boundary precipitation were investigated 
by Wynn© He obtained a value of 35©1 kcal per gram atom (= 1©52 eV) 
for nodule growth during this reaction© This, when corrected for 
changes in lamellar spacing according to Zener (1946) and variation
of supersaturation with temperature became 42©5 kcal (= 1©85 eV )„
Wynn also carried out isothermal transformations on a range of 
binary and cobalt bearing alloys© If the figures for 10 per cent 
grain boundary transformations are taken from these and an Arrhenius 
plot performed values of approximately 1©27 eV for an alloy with 1©77 
per cent Be and 0©24 per cent Co and just under 1©0 eV for a cobalt- 
free 1©66 per cent Be alloy are obtained© This again is in accordance 
with the observations of Beck on the effect of cobalt on discontinuous 
precipitation.
108 Dimensional Changes
The equilibrium diagram, the structure and lattice parameter 
of the Y-phase and the variation of solid solution lattice parameter 
with composition provide the information necessary to calculate the 
volume change when a constant mass of supersaturated solid solution 
decomposes into equilibrium solid solution and equilibrium precipitate© 
In the case of a 12 atomic per cent beryllium alloy decomposing at 
300°c, a volume contraction of 0.623 per cent is predicted. This is 
in agreement with the figure of 0o2 per cent linear contraction 
quoted in general reference works©
Masing and Dahl noted a decrease in length during ageing and 
carried out a number of experiments to determine this change. They 
set out with the intention of determining how the length change 
related to the rise in resistivity; consequently their experimental 
results were confined to low ageing temperatures© A heating curve 
carried out slowly on a 10 mm diameter rod of 2©5 weight per cent Be 
quenched from 800°C showed a linear expansion up to 150°C© Above this 
temperature, an increasing departure from a straight line took place, 
until at 250°C, the slope became negative. Above 300°C, the original 
direction was slowly resumed© On heating for 1 hour at 350°C (the 
maximum temperature attained) a further shortening of 0.014 per cent 
took place. On cooling, a linear contraction was experienced resulting
in an overall decrease in length of 0.24 per cent© Further re­
heating to 500°C resulted in a contraction of only 0.01 per cent©
It was concluded that this was not an age-hardening effect, but due 
to the disintegration of the a solid solution. Isothermal ageing at 
200 and 250°C showed contractions of smaller amounts, still continuing 
after 72 hours at 200°C and 8 hours at 250°C.
Katori (1938) obtained differential dilatation curves for an 
alloy of about 2©2 per cent beryllium. Curves were obtained on 
material water quenched after 1 hour and 3 hours solution treatment 
at 830°C© Various treatments of hot and cold-working were applied 
prior to these treatments© In view of their importance and lack of 
accessibility, the results and treatments are reproduced in Figs© 4 
and 5. All the curves except two could be described as composed of two 
contraction peaks of variable depth, the first at 300°C, the second 
at 450°C. The heating rate does not appear to have been stated but 
these peaks probably correspond to G.P. zone and intermediate precipi­
tation formation, allowing for a fairly fast heating rate (the depart­
ure from.a straight line commences at 150°C)© The second peak could 
possibly be due to discontinuous precipitation, although this appears 
small in photomicrographs, as would be expected from the high solution 
treatment temperature© Two of the curves, for 3 hour treated 
specimens commence with a small contraction from 150 to 200°C, where 
upon a large expansion commences, lasting to 400°C and crossing the 
datum by an amount approximately equal to the sum of the two contraction 
peaks© Above 400°C, contraction sets in sharply, flattening out at 
550°c and rising slightly to 650°C, where a new horizontal, was 
achieved, considerably above the first© It was concluded that these 
differences were due to the.history of the specimens. An interesting 
observation is that these two tests did not return to the original 
datum, although heated to 800°C© It is difficult to know whether 
this can be taken to indicate that the test-pieces, as quenched after
Tabic 1. History of Specimens.
Spedm en1 '! Met,lod of NVorkinS
IIcat-Treatm cnt 
after W orking
a Ilo t-ro ljing  of 80% , after anneal­ing for 1 hr. a t 820’’
Quenched in water 
after annealing for
b
. Cold-rolling of 15%; in addition 
to the same procedure as had 
been given to specimen a
c Forging of 70 % at.8 0 0 5
d
Cold-rolling of 10% , in addition 
to the same procedure as had 
been given to specimen c
1 hr. at 830°
f Annealed for 1 hr. a t SoiC slowly cooled and cold-rolling of 5o%
K
Cold-rolling of 70% , by the same 
procedure as had been given to 
specimen f
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Fig. 1. D ifferential D ilatation Curves.
Table 2. H istory  of Specimens.
N um ber of 
Specimen Method of W orking
H eat-Treatm ent 
a fter W orking
a '
The method of working applied  
to each specimen mentioned 
here, remains the same as th a t  
applied to the specimen represen­
ted by the ojme le tter in 
Table  1.
Quenched in water 
after annealing for 
3 hr s. a t 830°
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Fig. 2. D ifferential D ila ta tion  Curves.
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Fi q u re A . D i l a t o m e t r i c  r e s u l t s  of  Ka t o r i
Num ber of 
Specimen Method of W orking
H eat-Treatm ent 
after W orking
c, c' Cold-rolling o f 30 % , by the same pro­
cedure as had been given to specimen f
Quenched in water 
after annealing at
h, h' Rolling of 8 0 %  a t 650°
i. i '
Cold-rolling ot 5 0 % , by repeating the 
following treatments alternately : i.e., 
quenching after annealing for 20 min. 
at 800°, and cold-rolling of l(i°/„
. ., | Cold-rolling of 70 % , by the same pro- 
, | cetlurc as above mentioned
! . . .  . . . . .
m, m      — •— ~--£> '* *800° and then cold-rolling of 50 %
n, n ' Cold-rolling of 70 % , by the same pro­cedure as above mentioned
1.1' Cold-rolling of 30% , by the same pro­cedure as above mentioned
P. P'
'Faking _the longitudinal half of the 
specimen, cold-rolling of 5 0 % , by the 
same procedure as above mentioned
k . k ' Cold-rolling of 8 5 % , by the same pro­cedure as had been given to specimen i
a, a '
■
Same as specimen a in Table 1
b , b ' Same as specimen b in  Table 1
830° for I hr, or 3 
hrs. (in the la tte r  
case each specimen 
is designated b y ' ) .
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Fi q u re 5. D i l a t o m e t r i c  r e s u l t s  of  K a t o r i  
( c o n t i n u e d )
solution treatment were shorter than they were at 800°C; this is 
due to the difficulty of interpreting the differential technique,,
No further work on dimensional changes in copper-beryllium 
alloys appears to have been published for nearly 30 years0 Guy,
Barrett and Mehl noted that tri-crystals aged at 200 and 300°C cracked 
at the grain boundaries but it was not until Armitage in 1963 reported 
a series of experiments to determine dimensional changes that further 
light was shed upon the subject. (The results of these are reproduced 
in 3,1.1. ) Wedge shaped test-pieces of composition 1.77 per cent 
beryllium, 0 o24 per cent cobalt were cold rolled to uniform thickness, 
so that deformation varied along the length from 0 to 50 per cent 
reduction. The sides were then machined parallel, and width measure­
ments taken after ageing for one hour at 315, 335 and 355°Co Hardness 
measurements were also taken. -'The undeformed end always showed a 
contraction; on progressing towards the region of maximum deformation, 
this became less, reaching zero at 25 per cent reduction in the 315°C 
sample and remaining at this level for the remainder of the lengtho 
The sample aged at 335°C, reached a maximum expansion of about 0,05 per 
cent at around 30 per cent reduction, and then declined to a slight 
contraction as the deformation increased., This was accompanied by a 
slight decrease in hardness. At 355°C, the expansion rose to 0.1 
per cent at 20 per cent reduction where it continued until 40 per 
cent reduction, falling to zero at 50 per cent reduction0■ This was 
again accompanied by a decrease in hardness (from 398 to 383 V.P.N,) 
Armitage made the likely assumption that the appearance of the 
intermediate precipitate was accelerated by deformation,, He then 
associated the expansion - or lack of contraction - with the appearance 
of this precipitate, and the contraction in the unworked part with 
the formation of G,P. zones. This implies that an unworked test- 
piece should first contract when aged at say, 320°C, and subsequently 
expand. These conclusions are based on a single measurement after
one hour; no further experimental evidence is adduced to justify 
themc Price and Kelly (1963) noted distortion when ageing single 
crystals of a le8 weight per cent beryllium alloy»
The dilatometric work of Wilkes and Barrand has been noted 
above in connection with the changes occurring during the earlier 
stages of ageing. In a preliminary heating curve of temperature 
versus dilatation for a quenched Cu - 2 per cent Be alloy they noted 
the occurrence of two reactions: one was a contraction commencing
at just over 100°C, equivalent to about 0 o15 per cent length; the 
second commenced at 350°C and was a much smaller contraction (about 
0 o05 per cent). The heating rate employed was 33°C per minute; 
rod specimens 40 mm long and 1 mm in diameter were used. They associated 
the first change with the formation of G„P. zones and the second with 
the intermediate precipitate. During isothermal ageing, contractions 
of 0.1 per cent were experienced at a temperature of 170°C: all other
results were plotted in terms of a normalised contraction. It is 
important to note that in all cases (three alloys, 1, 1.5 and 2 weight 
per cent; solution treatment temperatures from 750 to 820°C; ageing 
between 142°C and 202°C) only contractions were observed,. The fore­
going may be summarised thus: apart from the two anomalous and unex­
plained results of Katori no expansion has been observed in a quenched 
solution-treated Cu-Be or Cu-Be-Co alloy on ageing. The contractions 
observed have been variable and occur in two stages on heating curves. 
Expansion has been found to take place on a Cu-Be-Co alloy deformed 
after solution treatment prior to ageing.
CHAPTER 2
EXPERIMENTAL PROCEDURES
2.1 Materials
For initial experimentation rod material was supplied by the 
Spring Research Association. This was from the same cast as that 
used by Armitage. The composition was stated to be: 1.77 weight
per cent Be, 0.24 weight per cent Co. The form was 1.27 cm diameter 
rod, cold drawn to half-hard condition (190 V.P.N.).
Subsequent investigations took place on strip material of four 
different compositions of commercial alloy supplied by Johnson Matthey 
and Co. Ltd. These have been designated thus:
Ml 1.80 weight per cent Be 0.22 per cent Co
M2 .1.72 » 0.24 »i
H 1 o 74 » 0.22 »
K 1.61 " 0.29 "
The form was 16 cm width, 1.65 mm thickness, rolled to the 
fully work-hardened condition (250 V 0PoN0).
2.2 Solution Treatment
This was carried out in air in a Wild-Barfield type M254 
laboratory muffle furnace with a hearth size 48.3 cm long, 18.9 cm 
wide, 3.6 kW rating. This was initially fitted with a simple on-off 
millivoltmeter controller; subsequently a controller with proportional, 
integral and derivative action operating through a silicon controlled 
rectifier was fitted, with greatly improved temperature stability 
resulting. A temperature fluctuation of 5°C was observed with the on- 
off controller; this corresponded with the makers figure of half 
of one per cent of full-scale deflection (1000°C). When using this 
control method, the test-piece was inserted in the furnace shortly 
before the peak of the temperature cycle, when the controller had 
just switched off. The temperature was checked by means of a chromel- 
alumel thermocouple in contact with the test-piece, the E.M.F. of
the couple being measured with a potentiometer.
2.2.1 Internal Oxidation and Solution Treatment
Some consideration was given to the question of solution
treatment atmosphere. It was not felt important to preserve a
bright finish for the sake of appearance; the chief consideration
was held to be the prevention of internal oxidation of the beryllium 
in solid solution. This can be readily detected from the change of 
lattice parameter occurring due to the loss of Be as BeO. Small 
pieces of the material were solution treated in air at 790°C for 
differing times. Back-reflection x-ray pictures were taken using 
Cu Ka radiation from a Philips FW1008 generator and a FW1030 universal 
flat-plate camera, with an Astbury sector mask allowing three exposures 
on each film. Successive exposures were made, thinning the specimen 
between exposures in the nitric acid-water solution given below (2.5),
This was continued until a constant lattice parameter was achieved, 
as shown by coincidence of the |420| reflections. In the case of 
material solution treated for 30 minutes, strip originally 1.6-5 mm 
thick was reduced to 1.54 mm before constancy of parameter was obtained 
indicating internal oxidation to a depth of 0.06 mm. When, however, 
the time was reduced to 6 minutes, this was reduced to less than 0.01 
mm. As this was sufficient to allow recrystallisation to take place, 
it was decided to standardise on a solution treatment regime of 6 
minutes in air. Some early experiments were performed before this 
was adopted, in which case the solution treatment time is specified.
2.2.2 Quenching
The brine used was a 10 weight per cent solution of NaCl in 
mains water, brought to the stated temperature by additions of ice.
No deliberate agitation was possible with this medium, due to the 
short quenching duration. This also applies to water and oil quenching 
Salt bath quenching was carried out in Cassel T.S.150 - a 
nitrite-nitrate mixture ~ contained in a 25 cm diameter calorised
mild steel pot, heated by a-metal clad mineral insulated electric 
immersion heater with on-off control from a similarly sheathed 
thermocouple immersed in the bath. Moderate agitation was employed, 
insufficient to cause splashing of molten salt.
In all cases, transfer from the furnace to the quench was 
achieved as expeditiously as possible, certainly in under two seconds.
2.3 Preparation of Dilatometer Test Pieces
A variety of methods were used, depending on the form of the 
material and the location of the test-pieces.
In the case of the initial experiments on rod material, the 
material was received as 1.25 cm diameter bar, which was drawn down, 
using intermediate solution treatments as necessary, to produce 
material in the quarter, half and fully work-hardened condition
6.3 mm in diameter. The foregoing states correspond with 0.1, 0.2 and 
0.4 true strain. Cylindrical test-pieces 5 mm in diameter and 65 mm
in length were turned from the drawn rods.' Test-pieces in the solution 
treated condition were prepared by heating fully work-hardened test- 
pieces at 790°C, as described above, and quenching in water.
Dilatometer test-pieces from strip material were prepared by a 
number of methods. Initially, test-pieces 5 mm wide and 65 mm long 
were prepared by sawing and filing: in certain cases, where the
strips used did not permit a full 65 mm length, test-pieoes were 
pieced together with satisfactory results, the 5 mm width resulting 
in good support in the quartz dilatomer tubes.
After one or two trials,where distortion of the test-piece 
resulted in it jamming in the dilatometer tube - permanently on one 
occasion - the preparation procedure was modified. A small bench 
milling machine was equipped with slotting saws 0.4 mm in thickness 
(.016 ins.), spaced on 1.29 mm centres, giving test-pieces 1.25 mm 
wide. After cutting to 65 mm length, these were supported in a piece
of stainless steel tubing 63 mm long before placing both in the 
dilatometer tube. In the case of thin strip the test-piece was 
further supported by wrapping it in a coarse pitched coil of copper 
wire of appropriate thickness.
The physical dimensions of salt bath quenched material used for 
the determination of the effect of retained rolling texture on length 
change precluded milling of test pieces: these were extracted with
a jeweller*s piercing saw, keeping to the same 1»25 mm width.
2.4 Dilatometry
This was carried out in a Chevenard pattern dilatometer, with 
mechanical (pen) recording, Type DM 50/1 manufactured by the Swiss, 
firm of S.A.D.A.M.E.L. The principle of operation of this machine 
is as follows: two horizontal vitreous quartz tubes are sealed at one
end and equipped with push-rods of similar material. The test-piece 
under investigation is placed in one tube; the other contains as a 
standard, a 65 mm long piece of rPyrosT - a proprietary alloy having 
a uniform coefficient of expansion over a wide range of temperature.
A furnace is provided mounted on rails, allowing it to be slid onto 
the quartz tubes. The motion of the push-rods is transmitted to a 
pen some 30 .cm long by a Kelvin coupling. This pen contacts a paper 
band on a reciprocating carriage. There is provision for a number of 
different modes of operation and for moving the paper band across the 
carriage on a time-scale. In this particular application, the pen 
was set up to operate in the differential mode, vertical movement 
being controlled only by length change in the standard, that is 
temperature change. In a-typical test, shown in Figure 6, the furnace 
was preheated to the required ageing temperature and the reciprocating 
carriage motion started, without the paper band moving (1, Fig. 6).
The furnace was then slid on to the tubes. When the pen ceased moving 
horizontally, after about 5 minutes, a pencil mark was made on the 
curve and the paper traverse started (2, Fig. 6). After the appropriat
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time had elapsed - usually 2 hours - the paper movement was stopped, 
and a cooling curve obtained (3, Fig. 6). The length change was taken 
as the difference in distance vertically between the start and end 
points, thus eliminating the difficulty of determining the start point 
of the reaction. The paper speed was determined as 30 mm per hour0
A slightly different method of measurement was used for the deter­
mination of activation energies. Here it was necessary to determine 
a zero datum for each reaction,, This was done by taking the horizontal 
co-ordinate of the datum as the point when horizontal movement of 
the pen on the stationary paper ceased as above. The vertical co-ordinate 
was determined by applying the vertical movement experienced on cooling 
to the original pen position before ageing.
2.5 Electron Microscopy
Initial thinning of specimens exceeding 1 mm thickness was 
carried out in the following chemical thinning solutions 
4 volumes concentrated nitric acid 
1 volume distilled water
Used at the temperature of mixing (about 50°C) this worked 
exceedingly rapidly. Thus, a thickness of 1.6 mm could be reduced 
to 0.1 mm in under 15 minutes0 Unfortunately, the gas evolved tended 
to cause grooving of the surface. Therefore when a thickness of about 
0.5 mm had been achieved, the surfaces were smoothed on 600 grit 
silicon carbide paper, and chemical thinning continued in a second 
solution. This was also used initially for thinner specimens, and 
consisted of
1 volume concentrated nitric acid 
1 volume orthophosphoric acid S.G. 1.76 
1 volume glacial acetic acid
Again, this achieved a temperature of about 50°C on mixing 
and was used at this temperature. Thinning proceeded in this solution 
until a thickness of 50-70 microns was reached. Final thinning took
place by electro-polishing in the following solution 
4 volumes orthophosphoric acid S.G. 1.76 
3 volumes methanol 
3 volumes distilled water
A conventional window technique was used, the wTindow being 
about 1.5 cm high by 1 cm wide. The cathode was a stainless steel 
sheet, and a potential of 1.3 to 1.4 volts was applied.
After perforation, suitable portions of foil were cut off with 
a scalpel, mounted in a double grid and examined in-an AEI EM6G electron
i .
microscope at an accelerating potential of 100 kV.
'2*6 X-ray Diffraction
In order to determine the residual strain distribution in the 
as-quenched strip, a back reflection camera was needed in which the 
azimuth could be adjusted and a linear mechanical scanning action 
achieved. Such an instrument was constructed from Meccano parts.
It is illustrated in Fig. 7, and mounted on a Philips FW 1008 X-ray 
generator with the collimator and cassette assembly from a Philips 
PW 1030 Universal flat-plate camera in Fig. 8. An azimuth tilt of 
42° could be achieved: the scan length was 2.5 cm and Speed 48 oscil­
lations per hour. This was used with the K a radiation from a Cu anode, 
with Ni filter to absorb Kp. The anode voltage .was 35 kV, anode 
current 15 mA, exposure time 2 hours with a specimen film distance 
of approximately 5 cm.
2.7 Texture Determination
Texture determinations in the initial part of the work were 
carried out on a Philips PW 1048 Schultz goniometer, mounted on a 
PW 1010 fully stabilised generator (Cu radiation) and using a PW 1051 
counter channel.
8 Heat Transfer Computations
Computing was carried out on an ICL 1905F computer with GEORGE 2 
Mk 7G operating system (subsequently Mk 8E). Programs were written
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in FORTRAN IV and compiled by XFAE or XFAT compiler .
2 09 Optical Microscopy
Initial specimen preparation was carried out using silicon 
carbide papers. Mounted specimens were hand ground under water, while 
the Jominy bar was prepared on rotary laps. Polishing was by 6 micron 
diamond lapping compound, followed by 1 micron. A final polish by 
hand, using Silvo on a Selvyt cloth, was found necessary.
Etching to show any possible grain boundary precipitation 
during quenching was carried out in the following solution:- 
100 ml Hydrogen peroxide (30 vol)
50 ml Distilled water 
10-15 ml 0.880 ammonia
Photomicrography was carried out on a Zeiss Ultraphot 3.
CHAPTER 3 
DILATOMETRY
3«1 Preliminary Work on Rod Test-pieces
This was undertaken in order to establish the reliability of 
the method to be used in the main investigation and also to attempt 
a correlation with the work of Armitage (1963) on length changes during 
ageing,. The material, from the same batch as used by Armitage, was 
supplied by the Spring Research Association. Stated composition was 
1.77 per cent beryllium,. 0.24 per cent cobalt. Details o f .the working 
and preparation of the test-pieces have been described previously. 
Average hardness values obtained were:
Solution treated 95 V.P.N.
Quarter-hard (drawn to 0.1 true strain) 161 11
Half-hard (drawn to 0.2 true strain) 189 11
Full-hard v 245 "
One test-piece in each of the conditions was tested at 280°C, 
320°C, 360°C and 400°Co In addition, one full-hard test-piece was 
tested at 240°C. The dilatometer curves are presented in Figures 9 to 
13. Test runs were concluded when it was found that no further change 
was taking place - usually a period of about 18 hours. Figures for 
actual and percentage change of length are given in Table 1 for 1 
hour ageing time and for conclusion of test. The curves obtained fall 
into three groups: contraction, contraction followed by expansion and
expansion. Unworked material invariably falls in the first group 
(contraction); no expansion is experienced even when aged at times 
and temperatures (22 hours at 400°C) sufficient to give gross over­
ageing. This is in agreement with the findings of Masing and Dahl 
(1929). The onset of contraction is very rapid with material in this 
state, extrapolation for thermal expansion having to be made from 
the contraction of the aged test-piece on cooling. Quarter-hard 
material shows a slower onset of the contraction, the test-pieces
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TABLE 1
Prec ipit at ion 
Temperature, C
Percentage
Change
After 1 
hour
On
Completion
240 H .01 .05
280 Q .11 .12
i
4 .10 .19
1
2 .07 o 13
H . 05 o04
320 Q o 13 o 14
i
4 . 16 .21
1
2 .06 .05
H + .03 + .11
360. Q .15 .16
i
4 o 15 .16
1
2 o 02 + .01
H + . 06 + .11
400 Q c 16 .17-
i
4 .10 .10
1
2 + . 03 + .02
H + .04 + .08
NQTEs All changes are a contraction unless marked + 
Q - Solution treated, unworked
^ Solution treated, quarter-hard
\ - Solution treated, half-hard
H - Solution treated, full-hard
achieving precipitation temperature before the reaction commences.
In the quarter-hard state, again contraction only is experienced 
within the determined limits of time and temperature. At 280°C and 
320°C half-hard material shows less contraction than quarter-hard but 
at the two higher temperatures, an initial contraction is followed 
by expansion, resulting in an overall expansion. Test-pieces turned 
from full-hard drawn material show slight contraction at 240°C, 
contraction followed by slight expansion at 280°C and expansion at all 
higher temperatures.
3.1.1 Comparison with Results of Armitage
It will be recollected that the method used by this author 
involved the cold-rolling of a tapered bar to give varying amounts 
of deformation along its length, followed by measurements on a 1 cm 
gauge width before and after ageing. The results thus obtained are 
reproduced in Table 2. A comparison of these results with parallel 
results from the present work is given in Table 3. This is effected 
on a basis of hardness rather than reduction. Despite the difference 
in the method of working - rolling as opposed to drawing - and the 
differences in reduction required for comparable hardnesses, there is 
a good measure of agreement between the two sets of results. Inspection 
of the dilatometer curves shows that a hypothesis associating a 
contraction with the formation of G.P. zones and an expansion with the 
intermediate precipitate (as put forward by Armitage), is no longer 
tenable. Solution treated and quarter-hard materials do not show an 
expansion, even on gross over-ageing. Full-hard material only shows 
a contraction, followed by expansion insufficient to make the material 
expand overall at 280°C. Precipitation treatment at any temperature 
above this causes expansion to occur immediately.
TABLE 2
Armitage*s Results for Dimensional Changes on Ageing 
Cu - 1.77% Be - 0 o24% Co alloy
Distance along 
specimen
Undeformed
end
At!4 Alt2 1" 1—”J-2 2" p Ait2 3"
Initial hardness 120 167 198 218 227 233 239 245
VoP.N.
Hardness after
ageing 1 hr at 338 351 363 378 390 390 393 395
315°C V.P.N.
Dilation (%) -0.20 -0.20 -0.15 -0.15
00o•01 0 0 0
Initial hardness 
V.P.N.
102 150 185 212 223 231 236 241
Hardness after
ageing 1 hr at 348 367 378 390 397 401 403 398
335°C V.P.N.
Dilation (%) I O • H O 1 O 0 H O -0ol0 0 +0.05 + o e o Ui + O 0 o 3 +0.
Initial hardness 
V.P.N. 101
138 176 210 224 233 239 243
Hardness after
ageing 1 hr at 360 378 387 396 398 395 389 383
355°C V.P.N.
Dilation (%) -0.10 i O H
 
• O
o001 +0.10 +0.10 +0.10 +0.1 3 0
TABLE 3
Comparison of Armitage’s and present work
Armitage Present Work
Ageing 
temperature 
°C
Hardness
V.P.N.
Percentage
Change
Percentage
Change
Hardness
V.P.N.
Ageing 
temperature 
°C
315 120 -0.20 i o H 95 320
167 -0.20 -0.16 161
198 • I 
'
o 0 H Li I O • o O
' 189
245 0 +0.30 245
355 101 I O • H O -0.15 95 360
138
OH•o! -0.15 161
176 ~0„ 05 -0.02 189
239 +0.10 +0.11 245
3clo2 Discussion of Results on Rod Test-pieces
The above comparison reveals that two reactions appear to 
be observable in these experiments. Unworked, solution treated, 
test-pieces show a continuous contraction, even at temperatures of 
400°C; it may therefore be taken that this represents the normal 
sequence of precipitation. The expansion reaction appears as the 
degree of cold work is increased and the precipitation temperature 
is increased. This reaction is much slower in its onset, even the 
full-hard 400°C test showing a little hesitation before its appearance. 
The reaction rate appears much lower than the contraction reaction.
It would seem reasonable to associate this reaction with some factor 
associated with deformation. The appearance of a contraction followed 
by an expansion would thus be consistent with lightly deformed parts 
of the test piece showing a contraction, an expansion of the more 
heavily deformed crystals occurring subsequently.
3.2 Initial Dilatometry on Strip Material
At this stage, the peculiarly inconsistent behaviour of the 
material,began to be experienced to a marked extent.
The original proposals, it will be recollected from the 
introduction, involved the investigation of the relation between 
preferred crystallographic orientation and length change on ageing. 
Determination of texture on full-hard rolled material - 33 per cent 
reduction of area by cold rolling - showed a marked orientation.
The central portion of the |lll| pole figure is illustrated in Fig.
14. This is a developing jlioj < ^ 1 1 2 type texture. Solution 
treatment of material in this condition resulted in a 'retained rolling* 
texture. Light deformation of such strip by rolling prior to a 
further solution treatment gave a considerable reduction in preferred 
orientation. The optimum amount of deformation was found to correspond 
to a 5% reduction of area (0.05 true strain). This gave a diffracto­
meter trace varying between 150 and 300 of the arbitrary intensity
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units of Fig. 14, indicating a virtually random texture.
The above experiments were performed upon relatively small 
pieces of material - approximately 10 x 3 cm. Dilatometer test- 
pieces were extracted at various angles from the random textured 
piece. These test-pieces were 5 mm wide: some ^iecing-up* as
detailed in 2.3 was necessary in directions other than parallel to the 
long axis in order to achieve the 65 mm required length. On precipitation 
treatment at 320°C it rapidly became apparent that some factor other 
than texture was operative; not only were differences in contraction 
observed, but in one case an expansion occurred. (This was the first 
observed case of expansion on precipitation of a solution treated, 
unworked, alloy).
After some deliberation, the experiment illustrated in Figure 
15 was performed. A square piece of material, the full 16 cm width 
of the rolled stock was solution treated at 800°C for 30 minutes, 
water quenched, rolled in the original rolling direction to 0.05 true 
strain and two pieces approximately 10 x 3 cm extracted. One piece 
had the long axis parallel to the direction of rolling, while the long 
axis of the second strip was transverse to this direction. Both these 
pieces would have a random texture after a further solution treatment 
and water quench. However, on performing this operation and extracting 
dilatometer test-pieces from each strip in two directions at right 
angles, the results shown in Figure 15 were obtained on ageing. These
results are very surprising; the behaviour on ageng can be seen not
to correspond with the direction of the test-piece in relation to 
the rolling direction of the original plate. It does, however, appear 
to be related to test-piece direction with respect to the axes of the 
smaller strips. Clearly, the variations in length change cannot be
due to preferred orientation, since none is present. The effect of
differences in chemical composition across the strip would appear 
to be ruled out also.
]
0.1
per cent
l engt h
ch a n g e
1 hour 
agei  ng
Rolling di rect  i on
F ig u re 1 5 .  D i l a t o m e t r y  of r a n d o m  tex tured,  q u e n c h e d  
m a t e r i a l  p a r a l l e l  and at  r i g h t  a n g l e s  to r o l l i n g
direction
The results of a further attempt to determine the effect of 
preferred orientation is shown in Figure 16. Three pieces of full 
width strip stock were once again cut to give square plates» These 
were solution treated at 790°C for 30 minutes and water quenched.
This single treatment produces a retained rolling texture,, Dilatometer 
test-pieces were extracted at various directions to the original 
rolling direction and aged for 2 hours at 320°C. It is apparent from 
Figure 16 that there is neither a relation between rolling direction 
and length change on ageing nor any agreement between the behaviour 
of test-pieces cut from similar directions in the three plates.
It was now apparent that considerable variations in length 
change could be experienced when ageing test-pieces from a single 
piece of solution treated material. The effect of test-piece position 
in the plate was next investigated. Once again a 16 cm square plate 
was cut, solution treated at 790°C and water quenched. Test-pieces 
were then cut parallel to the original rolling direction, commencing 
at the edge and progressing to the centre. These test-pieces were 
5 mm wide. The dilatometer curves for ageing three of these are 
reproduced as Figure 17. It will be seen that the test-piece from 
the edge showed an expansion of 0o12 per cent on ageing for 2 hours 
at 320°C: the second, cut immediately adjacent to the first, a
contraction of 0.06 per cent; the third, similarly adjacent to 
the second, a contraction of 0.33 per cent.. These figures, although 
difficult to interpret would nevertheless produce a ‘twisting across 
the width of the strip'on ageing, similar to that experienced 
industrially.
To confirm the above observations, tests were made on a piece 
of full width solution treated 1.8 weight per cent beryllium copper 
alloy (exact analysis unknown) obtained for an entirely independent 
purpose. This was from a different manufacturer and had been supplied
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Fi q ure  1 6. L e n g th  change on a g e i n g  f o r  2 h o u r s  at 320°C 
of t e s t - p i e c e s  cut  f r o m  t h r e e  p i e c e s  of  M1 m a t e r i a l  s o l u t i o n
t r e a t e d  f r o m  f u l l  h a rd  c o n d i t i o n .
A
0.1 2 per  ce n t  
ex p a n s i o n
B
0.06 pe r  c e n t  
c o n t r a c t i o n
0.33 p e r  ce n t  
cont  ract  ion
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c m .
F iqure 17. Length change on a g e ing  fo r  2 h o u r s  at 320°C 
of t e s t - p i e c e s  f r o m  e d g e  o f  q u e n c h e d  s t r i p  
( f o r  u n i t s  and  e x p l a n a t i o n  of  cu rve s  see F ig . 6)
in the solution treated condition, 17„8 cm wide by 0.72 mm thick0 
It had previously been noted that this material showed marked twisting 
on ageing. Dilatometry of a test-piece from the edge of the material 
gave a contraction of 0.18 per cent after two hours, accompanied by 
severe twisting and lateral bending; the latter was sufficient to 
wedge the test-piece in the silica tube of the dilatometer, which 
had to be broken to retrieve this test-piece., A specimen cut in a 
similar direction (parallel to the rolling direction) from the centre 
of the strip material gave a contraction of 0.27 per cent after 
similar ageing.
3„3 Effect of Quenching Medium
The difference in behaviour between the centre and edge of an 
apparently homogeneous material suggested some heat or mass transfer 
effect involving the geometry of the material as the cause.. Attention 
was directed to the effect of quenching rate on this effect„ Tests 
wore conducted on plates 16 cm by 5 cm by 1.65 mm thick cut across 
the width of the original material, thus eliminating any possible 
effect due to the rolled edge. These plates were quenched from 800°C
in various media and dilatometer test-pieces removed as in Figure 18.
Quenching regimes followed included water (3 plates), brine at 4°C, 
delayed quenching in brine, oil, and ultrasonic quenching in water 
and brine,, The last technique has its object the rapid breakdown of 
the initial film boiling stage experienced during quench in a liquid.
It is claimed that cavitation due to ultrasonic agitation achieves 
this; however, since this is sensitive td both frequency and direction 
of propagation of the waves, it is difficult to assess the effective­
ness of the equipment used, which consisted of a 7 gallon cleaning 
tank and 850 W generator working at a frequency of 40 kHz* The trans­
ducers were located at the bottom of the tank.
The results from the above tests are presented in Figures 19 to
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p o s i t i o n
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1.80 per cent  Be, 0.22 pe rcen t  Co 
T h i c k n e s s  1.65mm 
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A V S o l u t i o n  t r e a t e d  7 88°C, u l t r a s o n i c  water  quenched
D Z S o l u t i o n  t r e a te d  79 3°C, u l t  rasonic br ine quenched A°C
F i q u r e  22 .  L e n g t h  c h a n g e  on a g e i n g  f o r  2 h o u r s  at  320°C
a f t e r  v a r i o u s  q u e n c h i n g  t r e a t m e n t s .
22o The vertical axis represents thelength change after ageing for 
2 hours at 320°C in the dilatometer; the horizontal axis shows the 
test«piece location, 1 being at the outer edge, 12 towards the centre.
A further test is reported on material lightly deformed (2 per cent) 
by cold rolling after water quenching. All these results show a 
general trend to an expansion or reduced contraction at the outside 
edge of the plate. Even though test-piece extraction continued well 
into the plate, it would not be true to say that uniformity was ever 
achieved. The results were very erratic for both ultrasonic quenches, 
while there was little agreement between the three water quenches,,
Oil quenching did not eliminate the effect; the best result was 
probably that for the water quenched and cold-rolled test. In view 
of the tolerable agreement between the two brine quenches, it was 
decided to standardise on this procedure for future investigations„
3.3.1 Step Quenching
The above results indicated that the length change on ageing 
was in some way connected with the quench procedure following solution 
treatment. Oil quenching gave some reduction in this ^ d g e 1 effect.
A quench medium was therefore required which would give a slower, 
possibly more uniform cooling rate than oil, while avoiding the 
production of Y precipitate at the grain boundaries. The work of Wynn 
on isothermal transformation had indicated a similarity between this 
reaction and the pearlite transformation in steel. It was therefore 
decided to attempt a technique analogous to ’marquenching1. A 
beryllium-copper plate was solution treated at 800°C for the required 
6 minutes and quenched into a- molten nitrate-nitrite salt bath at 190°C. 
It was held in this bath for 1 minute and subsequently water quenched. 
Test-pieces were removed as previously, and aged in the dilatometer.
The result is shown in Figure 23. It will be noted that the contraction 
obtained fell within the limits 0.15 ^  0.01 per cent; if the extreme 
edge result is disregarded, an agreement to ± 0.005 per cent may be
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a f t e r  s t e p  q u e n c h i n g .
claimed. (The outermost test-piece was a little undersize and 
showed some bending in the dilatometer; this may account for this 
slight disagreement).
A series of tests were then commenced using a ’conventional* 
quench^brine at 4°C and ’step* quenching into salt at 190°C. These 
were designed to investigate the effect of variables such as strip 
thickness, solution treatment temperature and variation of beryllium 
content.
3.4 Effect of Thickness and Solution Treatment Temperature
Stock material of composition Ml (lo80 Be, 0.22 Co) was solution 
treated, water quenched and rolled to thicknesses of 1.46 mm, 1.22 mm 
and 0.88 mm. Four plates 16 cm x 5 cm, were cut from each thickness, 
together with four similar plates from the lc65 mm stock material. One 
plate from each thickness was then solution treated at each of four 
nominal temperatures - 760°C, 790°C, 815°C and 840°C. (The actual 
temperatures are given in Figures 24 to 27)e This was followed by 
quenching into brine at 4°C. Test-pieces were extracted by milling 
as detailed above (Figure 18). The results of length change after 
ageing for 2 hours at 320°C are presented in Figures 24 to 31. Figures 
24 to 27 present the effect of varying solution treatment temperature 
on a single thickness of material, while Figures 28 to 31 show varying 
thicknesses for a single solution treatment temperature0
The results on 1.65 mm thick plate (Fig. 24) show a trend in the 
case of the two higher and the lowest temperatures; this is typical 
of the previous results, showing a downward trend as the test-pieces 
approach the centre of the plate. The slopes are similar, with approxi~ 
mately 0.2 per cent length change separating the 840° and 760° curves. 
However, the curve for 790° - the recommended solution treatment 
temperature for this material - starts at the outer edge of the material 
in a position mid-way between the 815° and 760° curves. By the time 
position 4 has been reached, it has dropped below the 760° curve,
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dropping to -0.27 per cent at position 7 and subsequently rising to 
-0.13 per cent.
The 1046 ram plate (Fig. 25) shows a similar curve to the above 
at 815°, with the 790° and 760° results occupying a lower position and 
crossing each other twice. The 840° curve slopes steeply, crossing 
the other three.
1.22 mm thickness (Fig. 26) again shows similarity between the 
two lower temperature results. The slope is somewhat steeper than in 
the thicker plates, due to the fact that the abscissae are not corrected 
for geometrical similarity, merely relating to the linear distance
from the edge. The 840° treatment gives an irregular curve lying above
o drop
the previous paire The results for 815 show a precipitous^to -0.38
per cent from an initial value of +0.1 per cent.
The thinnest material, 0.88 mm thick, (Fig. 27) shows considerable 
irregularity at the highest solution treatment temperature, dropping 
to -0.18 per cent, rising to a positive value of +0.03 per cent arid 
falling again to -0.36 per cent. The three lower temperatures show 
roughly parallel results, in order of temperature. The effect of 
increased slope mentioned in the previous case is exhibited. The 
lowest, 760° treatment, however, after reaching -0.38 per cent turns 
upward to an eventual value of -0.13.
Comparing the results for differing thicknesses at 843° (Fig. 28) 
considerable irregularity is shown except in the case of the thickest 
material.
Fig. 29 for solution treatment at 815° shows good agreement 
for all except the 1.22 mm thick material. The effect of increasing 
slope due to decreasing thickness is well shown. The result for 1.22 
mm is irregular, dropping to -0.38 per cent, as previously remarked.
All.four results for 790°C (Fig. 30) fall in a broad scatter 
band, having a deviation of 0.07 per cent. The effect of increasing
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slope is not easy to discern, due to vertical displacement of the 
curveso It is clear that the thinnest material has the greatest 
range of variation. It is a temptation in view of the close grouping 
of these results to point.the moral of using the recommended temperature 
for solution treatment: however, irregular results have been obtained
at a similar temperature, as reference to some previous results 
(e.g. Fig. 27) will show.
The results at 760°C in Figure 31, are refreshingly regular, 
showing increase of slope with diminishing thickness. Again, some 
vertical displacement has occurred.
305 Effect of Composition .
Stock material of compositions K, M2 and H (1.61 per cent Be,
0.29 Co; 1072 Be, 0.24 Co; 1074 Be, 0.22 Co respectively) was solution 
treated at 790°C, water quenched, and rolled to 0.88 mm thick. Test 
plates as in the preceding case were cut, and quenched in brine at 
4°C after solution treatment at 790°Co The results of dilating 
test-pieces cut from these for 2 hours at 320°C are presented in Figure 
32o While the material with the highest Be content is the only one 
to show an expansion, the results exhibit considerable irregularities. 
However, the shape of the dilatometer curves for each material was 
quite distinct: as might be expected, the highest beryllium content
showed the most rapid contraction. No further contraction was 
experienced with this material after 1 hour 10 mins: the medium
beryllium content took 1 hr 30 mins to reach this stage; the low 
beryllium required 3 hours. (See also subsequent results on determination 
of activation energies for the ageing of step quenched material).
3.6 Effect of Solution Treatment Temperature on Step-Quenched Material
Stock strip of M2 composition was solution treated at 790°C and
quenched into molten salt at 190°C. It was then rolled to 0.88 mm thick
and four test plates cut as above. One of these was solution treated
o o o o
at each of the four temperatures 844 C, 815 C, 784 C and 761 C. In
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every case, the plate was quenched from solution treatment temperature 
into molten salt at 190°C. The results of tests on dilatometer test 
pieces cut from these plates and aged for 2 hours at 320°C are presented 
in Figure 33. It will be noted that only every other test-piece was 
tested at this stage, the even numbered ones being reserved for 
activation energy determination0 Only the results from the plate 
quenched from the highest temperature (844°C) show any noticeable 
irregularity: those from 784°C are remarkably consistent, with only
one result differing by 0.01 per cent from the steady value of -0.15 
per cento Solution treatment temperatures of 814°C and 761°C show 
a slightly greater contraction, with rather more variation close to 
the outside edge.
3.7 Effect of Composition on Step-Quenched Material
The procedure in the last paragraph was repeated using strip 
of compositions K and H, and a solution treatment temperature of 790°C.
The results of ageing test-pieces extracted from these, together with 
the 790°C results obtained previously for M2 material, are given in 
Figure 34. K, having the least beryllium content shows, as might be 
expected, the least contraction on ageing 0.13 per cent with some 
slight irregularity at the outside,, M2 has a slightly greater contraction 
0.15 per cent. The slightly higher beryllium content material, H has 
much the same mean value of contraction, but shows some irregularity.
It is not possible to compare these results directly with those in 
Fig. 23 for Ml with 1.80 beryllium, since these tests were carried out 
on thicker material, in which the quenching rate would be different.
3.8 Effect of Variation of Direction of Test-Piece
Now that a satisfactory procedure had been established for 
quenching from the solution treatment temperature, it was decided 
to repeat one of the investigations depicted in Figure 16. A square 
piece of strip, M2 composition, in the as-received hard-rolled
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condition was step quenched to 190°C as detailed previously.
Dilatometer test-pieces were extracted at various directions to the 
original rolling direction and aged for 2 hours at 320°C. The results 
are presented in Figure 35c A much more consistent state of affairs 
is revealed than previously, the behaviour being now quite regular.
It is particularly interesting to note the dip at 30° to the rolling 
direction and rise at 75°. If, as is to be expected, retained rolling 
texture is present in the material, a concentration of <0-io^ > directions 
would be expected at 30° to the rolling direction, being the angle 
between this direction and the <^ 112j> which lies parallel to the 
rolling direction. This observation is in accordance with the deduction 
by Armitage that the strain of precipitation is resolved along the 
<110 > .
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CHAPTER 4
ELECTRON MICROSCOPY
4.1 Preliminary Considerations
The results in the previous chapter show that the copper- 
beryllium alloys investigated show differing length changes on ageing. 
The majority of cases show a contractionc In some cases, however, 
associated with rapid quenching from high solution treatment temperature 
an expansion is observed. This was investigated by transmission 
electron microscopy, in order to determine whether there was any 
difference in the precipitation sequence attributable to the more 
rapid coo Ding from the solution treatment temperature, with its 
consequent possibility of difference in defect concentration.
It was observed from preliminary investigations that diffraction 
patterns revealed a preponderance of grains having a jlioj plane 
normal to the electron beam. This is in accordance with the expecta­
tion of retained rolling texture in material having undergone 
considerable amounts of plastic deformation before solution treatment.
In order, to obtain a suitable range of orientations, a piece of solution 
treated, step-quenched material was deformed by cold rolling to 5 per 
cent reduction of thickness, solution treated and step-quenched*
This formed a reference standard with which material in other 
conditions could be compared*
4.2 Examination of Step-Quenched, Random Textured Material
In the solution treated condition, only grain and twin boundaries 
were visible. The CoBe phase was retained in some places but it did 
not prove possible to get an intelligible diffraction pattern from 
this. Elsewhere, it had not survived the thinning procedure.
After ageing for 30 minutes at 320°C, well defined -‘tweed* 
was observed (Figure 36). Selected-area electron diffraction pictures 
are given in Figures 37, 38 and 39 for crystals with (100), (110) and 
(111) respectively normal to the incident beam. These are exactly
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in accordance with those found by Armitage for similarly heat-treated 
materialo Relstreaks are present in <^ 100)> ., while anomalous reflections 
appear at •[ 110 | These can be clearly seen on the (110) pattern to 
be discrete spots strongly streaked perpendicular to the <(lll)> axis, 
and not due to streaking of jlllj reflections, as stated by Wilkes 
and Jackson. Cross-sections of these streaked spots can be seen in 
the (111) pattern.
4.3 Examination of Material showing Anomalous Expansion on Ageing
Suitable pieces of alloy were extracted from the outer edge of 
plate B4 (Figure 24). One piece was kept in the solution treated 
condition, the other aged for 30 minutes at 320°C- Both were then 
spark-machined on one face to 0.5 mm thick, thus ensuring that the 
sections examined were close to the surface of the plate as quenched. 
Transmission electron microscope specimens were then prepared from 
each. Examination of the unaged material revealed the presence of 
some dislocations, particularly around the CoBe particles (Figure 40). 
In one place only, dislocation spirals were present, as shown in 
Figure 41.
In the aged material, ’tweed1 was again present, masking all 
further detail. Electron diffraction patterns reveal the same 
structure as encountered with the step-quenched material. These are 
shown in Figures 42 and 43.
It is thus possible to show that no difference is apparent 
between the precipitate structure in the test-pieces showing an 
expansion on ageing and those showing a (uniform) contraction.
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CHAPTER 5 
X-RAY DIFFRACTION
5.1 X-ray Determination of Strain
Electron microscopy and diffraction has shown that there is 
no difference between the precipitate morphology and structure of 
material that expands on ageing and that of material showing the 
more usual contraction. Some other explanation must therefore be 
soughto The effect is, in general, an expansion on ageing material 
from the outer edge of a quenched plate, gradually decreasing and 
giving way to a contraction in the interior; this contraction exceeds 
the theoretical in many cases. If the temperature distribution in a 
plate during quenching is now considered, it will be seen that the 
outer edge of the plate will be cooled more rapidly than the interior, 
since it has a greater area to volume ratio. This will cause it to 
contract more rapidly than the interior. In turn, this contraction 
will set up a tensile strain in the outer layers. If this strain 
reaches the plastic region, permanent extension of this region will 
take place. This results in a residual compressive strain when the 
plate finally achieves uniform temperature. Similarly, the interior 
of the plate will show a residual tensile strain.
If a plate in a state of internal strain as described is subjected 
to deformation beyond the yield limit, relief of the internal strain 
should occur. It was considered possible that the permanent dimen­
sional change occurring on ageing might behave in a similar manner 
to plastic deformation. In this case, the overall length change would 
be the algebraic sum of ageing contraction and strain relief. This 
would accord with the facts as found. Therefore it was decided to 
investigate the possibility of residual strains being present, and 
attempt to correlate them with the ageing pattern.
501.1 Geometry of Strain Determination by X-rays
In the usual derivation of the Bragg Law, the incident beam 
of X-rays is taken as making an angle 0 with the diffracting planes; 
the diffracted beam then makes an equal angle 0 with the same planes»
The plane spacing d which is measured is in a direction parallel to 
the normal included in the plane of the incident and diffracted beams.
The most accurate values of sin 0 and hence of d are obtained 
when 0 is near 90°6 This may be shown by differentiating the Bragg 
Law with respect to 0:
~  . = - cot 0 . A0 (1)
As cot 0 approaches'zero as 0 approaches 90°, this means that a 
relatively small change in d will give a large change in 0 when 0 
is close to 90°. This indicates the use of a back reflection technique 
to detect the small changes in lattice parameter due to residual 
internal strain.
A conventional back-reflection camera consists of a collimator 
combined with a cassette film holder, the X-rays passing through a 
hole in the centre of the film0 The rear part consists of a specimen 
holder arranged to hold the specimen perpendicular to the incident 
beam, with a rotary scanning actione It will be seen therefore that 
a diffraction ring on such a camera will consist of reflections from 
a cone of planes having an apical semi-angle of 0 O The lattice spacing 
measured will be normal to the surface of this cone. Thus, the (420) 
reflection for Cu-Be has a 0 value of approximately 75°; a normal 
incidence back-reflection photograph will indicate variations in lattice 
spacing at directions 15° to the normal to the surface. It is however, 
desired to investigate the strains in the plane of the surface, that 
is, at 90° to the'normal. Clearly, therefore some tilt must be applied 
to the specimen under examination0 Further, some form of scanning 
action will be necessary in order to obtain reasonably continuous
rings, especially with the solution-treated material to be examined*
If it is assumed that the strain is constant for some distance parallel 
to the edge of the quenched plate, it .is possible to use a scanning 
action moving the specimen to and fro in a straight line, rather than 
resorting to oscillating the film, as has sometimes been done in internal 
strain measurements.
The construction of such a specimen holding and scanning device 
and its operation have been described in 2.6 and illustrated in 
Figures 7 and 8. Results obtained by its use are shown in Figure 44. 
These include a reference ring from a pure copper standard, annealed 
at 500°C and slowly cooled. The alloy ring in each case is the inner 
ring. Complete rings from the |420| reflection are shown, with 
portions of 13311- rings. Specimens approximately 2 cm square were cut 
from suitable plates and scanned in positions known to show expansion 
and large contraction. A further piece was extracted from step- 
quenched material. It will be seen that there is no radial displacement 
of any.of the copper-beryllium rings relative to the copper standard.
In order to appreciate the significance of these results, it 
is necessary to know the sensitivity of the method for the order of 
strain likely to be found. Following the argument elicited at the 
beginning of the chapter, if the effects observed are to be accounted
for by elastic strains existing prior to ageing, strains of the order
-3 .of 5 x 10 would be expected. The radius S of the back reflection
ring is related to the specimen film distance D by:
S = D (tan 180° - 20) = -D tan 20
Differentiating with respect to 0:
AS = - 2 D  sec2 20 . A0
Substituting for A0 from (1) above,
O A j
S = 2 D sec 20 tan 0. •—p (2)
The strain which it is required to measure will lie in the plane of
the specimen; however, as shown abovq, the nearest approach that
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can be obtained is to measure the lattice spacing in a direction
(90 - 0) + <£ to the normal to the surface, where 4> is. the angle of
azimuth tilt applied. This was 42°; 0 was 75°. Thus, the spacing
measured here was at 57° to the normal. Consideration of the strain
ellipsoid shows the resolved component parallel to the specimen surface
to be sin2 (57°). A calculation using this resolved value of strain
in equation (2) shows that a radial displacement of some 1.6 mm would
-3be experienced for a residual elastic strain of 5 x 10 . Clearly,
from Figure 44, displacements of this order are not occurring; even 
measurements on the films fail to reveal any variation in spacing.
It must be deduced from these results that elastic internal 
strains in the conventional sense are not present in the material in 
the form in which it was examined, and therefore cannot be the cause 
of the anomalous length changes observed on ageing.
5.2 X-ray Examination of Aged Materials
Debye-Scherrer pictures were taken of aged wire specimens 
made by chemical polishing of test-pieces which had been used for 
dilatometry. Once again, a selection was made of test-pieces showing 
expansion, abnormal contraction and step-quenched material. All 
pictures were similar: low angle lines were broad, broadening still
more as the Bragg angle increased. The |420| reflection was nearly 
4 mm wide, precluding an accurate determination of lattice parameter.
A faint line was present corresponding to an inter-planar spacing of 
2.56 8. This would correspond with an anomalous jllO j reflection 
from a F.C.C. lattice with a = 3.58 8. The latter value agrees with 
that determined from the jlll| reflection on the film as the approxi­
mate parameter of the aged solid solution.
In view of the diffuseness of the high-angle lines, it was 
considered pointless to attempt back-reflection techniques on aged 
material. Nevertheless, in an attempt to discover any variation of
lattice parameter with direction, forward reflection photographs 
were taken, using the wires previously produced for the Debye- 
Scherrer photographs. A selection of these are reproduced in Figure 
45. The prominent ring is the j 111 j- reflection, with some diffuse 
1200j- reflections around it. The wire axis is vertical in all cases. 
No scanning of the wire took place: this accounts for the ring being
composed of discrete spots.
Examination of the spots comprising the {ill} ring reveals 
detectable variation in their radial distance in the brine quenched 
test-pieces, particularly close to the wire axis. As the Bragg angle 
of the {ill} reflection is approximately 23.5°, these reflections 
are produced by a planar spacing at an angle of 66.5° to the axis 
of the wire. The aged step-quenched test-piece shows much less 
variation. Bearing in mind the relative insensitivity of low angle 
reflections to change in lattice parameter, this variation in spacing 
must be taken as indicating detectable variation in the lattice 
parameter of the depleted solid solution. A rough calculation using 
equation (1) above shows that a difference of 0.7 mm in radial spacing 
for the geometrical parameters used is equivalent to a difference of 
0.02 8 in lattice parameter. This in its turn is equivalent to a 
variation of some six atomic per cent in the composition of the solid 
solution.
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CHAPTER 6
a d d i t i o n a l  d i l a t o m e t r y
■6.1 Review of Investigation
It has now been demonstrated that considerable differences occur 
in the change of length on ageing. Electron microscopy does not 
reveal any difference in the precipitation phenomena between areas 
showing quite contrary length change patterns. X-ray diffraction 
reveals the absence of elastic internal strains in the solution treated 
condition while indicating some variation in the lattice parameter 
after ageing. In view of the remarkable sensitivity of length change 
to whatever effect was being observed, it was thought likely that 
dilatometry might be made to reveal something of the mechanism behind 
the previous observations. A number of further dilatometric investiga­
tions were therefore carried outc
6.2 Dilatation-Temperature Curves
As an initial experiment, a number of. simple expansion versus 
temperature curves were obtained. The dilatometer used-had provision 
for this-, but unfortunately no heating programme controller was available. 
The heating was therefore adjusted by hand to give a heating rate of 
approximately 100°C per hour by increasing the temperature control 
setting by 50°C every half hour,,
Figure 46A shows the results for a test piece from step-quenched 
material, using the higher of the two magnifications available (X140)„
Two contractions are observable: a small one at 160°C and a larger
one, commencing at 260°C and extending to 330°C. This initial contraction
was found only in the step-quenched material0
The next test (Figure 46B) was performed on a specimen extracted 
from the edge of B1 which had not been used for tests in Figure 210 
This might reasonably be expected to show an expansion, as indeed it 
did. (The dilatometer magnification was changed to the lower range - 
X76 for this and the next test)0 The expansion reaction commenced
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at 180°C and continued up to 460°C, when some contraction took place. 
This behaviour is very similar to the two anomalous results experienced 
by Katori (Fig. 2).
Figure 46 C represents a test-piece which should show a 
greater contraction than normally experienced - position 9 from A3, 
Figure 220 Here, the initial contraction appears to be suppressed, 
although this could possibly be due to the lower sensitivity now in 
use on the dilatometer. The 260°C contraction is very marked, and 
there appears to be further contraction in this.region on coolinge 
6o3 Dilatometry at Right Angles to Strip Edge
All tests so far had been conducted with pieces cut parallel to 
the long edge of the test plate. These had shown considerable variation 
from one to the other0 Any test-pieces cut in any other direction 
would clearly include material varying in behaviour. Nevertheless, 
it was decided to perform a test on one of the plates which had 
shown an expansion over a considerable width. The plate selected was 
A4 (Figure 25) G. Three pieces 22 mm long and 1.5 mm wide were cut at 
right angles to the strip edge adjacent to the ends of the test-pieces 
cut for the tests of Figure 25e These were pieced together and aged 
for 2 hours at 320°Co This gave a contraction of 0.22 per cent. In 
view of the variation across the width of the material previously 
found - from + 0 oll to - 0.05 per cent, this result must be treated 
with some caution. It is of interest in showing that an expansion in 
one direction is not necessarily accompanied by a much increased 
contraction at right angles in the plane of the strip.
6°4 Dilatometry of Strained Material
This experiment was performed in order to investigate the effect 
of straining at room temperature upon the subsequent ageing. The piece 
of step-quenched plate remaining after the extraction of test-pieces 
for curve E2 (Figure 33) was trimmed along the line of the last test- 
piece extracted. This gave a strip approximately 2.5 cm wide and 16 cm
long. The contraction on ageing for 2 hours at 320°C was known to 
be 0.15 per cent. This was gripped in the jaws of a tensile testing 
machine (Hounsfield Tensometer) and an extensometer attached. A 
plastic strain of 0.055 per cent was applied, the strip removed from 
the machine and a dilatometer test-piece cut from the edge. On ageing 
for 2 hours at 320°C, 0.18 per cent contraction was recorded. This 
was felt to be an inconclusive result, consequently the strip was 
returned to the machine and a more substantial plastic deformation 
applied - 2.0 per cent. A test-piece milled from the edge now showed 
a contraction of 0.06 per cent on ageing - an 1 expansion* of 0.09 
per cent on.the unstrained figure. A further test-piece was then cut 
adjacent to the second piece. This piece, from closer to the centre 
of the strip, showed a length change on ageing of -0.17 per cent.
Consideration of these results led to the conclusion that the 
length change effect was possibly associated with the mechanism of 
plastic deformation. This led to the experiments described in the 
next section.
6.5 Tests on Slit Strip
. It has now been shown that the length change experienced during 
ageing is affected by plastic deformation. The next step was to 
demonstrate the presence of plastic strain in quenched plates. If 
non-uniform plastic deformation occurs during quenching, the misfit 
is accommodated at room temperature partly as elastic internal strain 
and partly as permanent change of dimensions. If a plate in which a 
slit has been cut parallel and close to one edge is quenched sufficiently 
rapidly from a high temperature, the narrow strip at the edge can 
accommodate the misfit most readily by bowing outwards. The extent 
of the bowing will indicate the amount of deformation which has taken 
place. The dilatometry of such a bowed strip compared with a test- 
piece from the adjacent plate will provide information concerning 
the relative effects of plastic deformation and elastic internal
strain. If the latter is present and affecting the reaction, a 
difference is to be expected between the two dilatometer tests. X-ray 
diffraction shows the absence of internal strain, but this test will 
eliminate any possible effect of strain relief due to difference in 
geometry between X-ray and dilatometer test-pieces.
Plates similar to those previously used to determine the effect 
of quench medium and other variables were prepared, 16 cm by 5 cm by 
1.65 mm thick. A slit was made some 8 cm long parallel to one' edge 
using the milling machine previously mentioned in connection with 
dilatometer test-piece preparation. The distance between the slit 
and the edge was slightly greater than the thickness of the plate. 
Finally, the end of the slit was squared with a piercing saw. Thus, a 
narrow strip was produced along the long edge of the plate, attached 
at both ends to 4 cm length of solid plate. Four copper-beryllium 
plates thus prepared were solution treated and quenched as detailed 
in Table 4. An additional test was conducted on a phosphor-bronze 
plate. This was included as a control, to show the effect of annealing 
of internal strain (if any) without the additional complication of 
the ageing reaction.
The condition of these test plates after quenching is shown in 
Figure 47. The displacement of the edge strip was measured, using 
twist drills as feeler gauges. A simple right-angled triangle 
relationship was then used to estimate the length difference between 
the edge strip and the adjacent material in the plate. This figure 
is reported in Table 4 as a percentage of the original slit length. 
Apart from the abnormally high value for the water-quenched plate C, 
figures are in the order that would be expected from the severity 
of the quench used. This accords with the irregularity previously 
noted for water quenches.
Subsequently, the edge strips were removed and aged in the 
dilatometer. Test-pieces were also extracted from the plate parallel
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TABLE 4
Results of Experiments on Plates with Slit Edges 
(both ends attached)
Material and Treatment Length Difference 
per cent
Length change on age* 
ing per cent_________
Edge
Strip
Adjacent
plate
A. M2 Cu-Be
Quenched from 790 C into 
brine at 4 C
Bo M2 Cu-Be
Quenched from 815 C into 
brine at 4 C
C. M2 Cu-Be
Quenched from 790 C into 
water at 15 C
Do M2 Cu-Be
Quenched from 790°C into 
salt bath at 190°C
Eo Phosphor-bronze
Quenched from 790 C into 
water at 15 C
0o 19
0 o45
10 15
OoOl
0o 28
- 0.02
- 0.01
-Oo 02
-0.03
-0.03
-0o05
►0o07
- 0.02
•0.15
0.00
Test-pieces aged for 2 hours at 320 C
TABLE 5
Results of Experiments on Plates with Slit Edges 
(one end free)
Length change or ageing,
Material and Treatment per cent
Edge Adjacent
Strip plate
F. M2 Cu-Be
Quenched from 790 C into i o 0 H CO -0.06
water at 15°C
G. M2 Cu«Be
Quenched from 815 C into -0.20 -0.14
brine at 4 C
Ho M2 Cu~Be
Quenched from 790 C into -0.21
oCO01
brine at 4 C
I. M2 Cu-Be
Quenched from 790 C into -0.20 -0.14
salt bath at 190°C
K. Phosphor-bronze
Quenched from 790 C into -0.01 i o • o CO
into brine at 4 C
Test-pieces aged for 2 hours at 320°C
and adjacent to these strips and also aged. The results are given 
in Table 4 e It will be seen that the phosphor-bronze specimen E 
shows a small contraction in the edge strip test-piece, possibly due 
to annealing of micro-strains. The test-piece from the adjacent 
plate shows zero length change, indicating either that no strains 
are present or that they do not anneal out at the dilatometer test 
temperature,, All the copper-beryllium edge strips show similar results - 
including even that from the step-quenched plate. Adjacent test- 
pieces from the plate show results that might be expected from a 
similar position in unslit plates quenched in a like manner. The 
similarity between the two tests in each of the brine and water 
quenched plates suggests that the effect observed is connected with 
plastic deformation during the quenching operation and not with any 
residual strain remaining at room temperature.
Since it had now been shown that plastic deformation was the 
probable cause of the variations of length change experienced, the 
preceding tests were repeated in a manner which did not involve 
plastic strain of the edge strip. New plates were cut and slit as 
described previously. A saw-cut was then made at right angles to 
the edge, joining the outside of the plate to one end of the slit.
Thus, the edge strip was now free at one end, disconnecting it from 
strains introduced by the behaviour of the rest of the plate during 
quenching. The previous procedures for quenching, test-piece 
extraction and ageing were followed and the results are presented in 
Table 5. Once again, the phosphor-bronze showed little length change 
on testing. All the edge strips now show virtually the same contraction 
-0.2 per cent on ageing. Since the only difference between these and 
the similar test pieces in Table 4 is the freedom from plastic strain 
during quenching it can now be stated definitely that anomalous 
length changes are caused by plastic strains during quenching from 
the solution treatment temperature.
One aspect of the results in Table 5 calls for comment. The 
length changes of test-pieces from the adjacent plates of brine and 
water quenched tests show very variable contractions, whareas in Table 
4 the length changes were such as would normally be expected from 
similar situations in unslit plates. Further consideration shows that 
although the technique used results in the edge strips being free 
from plastic strain, there is no guarantee that the strain distribution 
in the plate will not be affected. Indeed, the plate must now behave 
asymmetrically when quenched, although the cooling rates remain the 
same. The result for 1^, the step-quenched plate shows a figure of 
0.14 per cent contraction, agreeing closely with D, the corresponding 
test in Table 4.
Two points are remarkable about the step-quenched results. In 
Table 4, D, the edge strip test-piece shows a contraction of only 0.03 
per cent, while its neighbour shows the more usual 0.15 per cent 
associated with such material. This may be taken to indicate that 
when quenching a plate of these dimensions in this manner, conditions 
are close to the limiting case for plastic deformation. When the 
plate is in one piece, unslit, plastic deformation does not take 
place (Figure 23); however, when a piece of small cross-sectional 
area is attached the forces generated during quenching are sufficient 
to exceed the yield stress over such an area. Use is made of this 
observation in 9.3 to estimate the limiting temperature difference 
during quenching.
The second noteworthy fact is the difference between the two 
test-pieces designated I in Table 5. While the test-piece from the 
plate shows the expected contraction of 0.14, that from the edge strip 
shoxvs a larger contraction, 0.2 per cent. This is probably due to 
the main plate not reaching the salt bath temperature before withdrawal, 
while the attached edge strip almost certainly did so. The reasoning 
behind this is discussed in 10.6.
CHAPTER 7
METALLOGRAPHY
7*1 Choice of Techniques
It has been shown how the length changes occurring during the 
ageing of the alloys under consideration may be controlled by a 
suitable step-quenching operation after solution treatment. In view 
of the slower cooling rates necessarily involved, it was felt 
necessary to undertake a microscopic examination of material quenched 
in this manner in order to detect the presence of any discontinuous 
precipitation at the grain boundaries. Furthermore, it should be 
shown to harden in a satisfactory manner. Opportunity was taken at 
the same time to examine the hardening behaviour of material showing 
anomalous length changes.
7.2 Microscopy
A photomicrograph from the original step-quenched material 
(W, Fig. 23) is reproduced as Figure 48. This shows the grain boundaries 
only faintly outlined by the etch. A considerable number of CoBe 
particles are to be seen in the grain boundaries, but there is no 
sign of any discontinuous precipitation. Figure 49 is a similar 
photomicrograph from a brine quenched plate solution treated at the 
same temperature. Equally, this shows no discontinuous precipitate.
7.3 Hardness Measurements
These were carried out on three selected plates from which 
dilatometer test-pieces had been removed. One was the step-quenched 
plate W, Figure 23. The second showed a regular variation « from 
expansion to contraction - on progressing to the centre of the plate, 
while the third showed a large expanding region on ageing. These 
were D2 and D4 respectively. Their length changes on ageing are 
given in Figure 27.
Hardness impressions were taken on the stubs' left after milling
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and sa.wi.ng out the test pieces for dilatometry. The positions used 
are shoxvn in Table 6. Position *13* is in the uncut portion of the 
plate, adjacent to the last cut.
Ageing was carried out on the complete plate in a salt bath at 
320°C. An incremental method was used, ageing for 7.5 minutes, hardness 
testing and returning to the salt bath for a further 7.5 minutes to 
give 15 minutes in all, and so on until a total ageing time of 2 hours 
had been achieved. *
The results as presented in Table 6 show that in the unaged 
condition the step-quenched plate showed a slightly higher average 
hardness value than the brine quenched plates. This amounted to some 
10 points V.P.N. Such a result is rather surprising in view of the 
undoubted plastic strain undergone by the other two plates. On ageing 
for times up to 15 minutes, the step-quenched material shows a 
significantly high hardness value across the strip, higher even than 
D4, which is quenched from a higher temperature. The plate quenched 
in brine from 7.90°C shows a slight tendency to harden more rapidly 
initially at the edge (position 1). The hardness reached after 2 hours 
shows a variation in all cases, values from 366 to 397 being recorded.
TABLE 6
Vickers Hardness, lOKg Load
Ageing Test-Piece Position Number
time,
rains. (see Figc 18)
1 4 7 10 13
W - Step-C uenched from 790°C
Unaged 110 112 111 109 111
70 5 219 220 219 217 215
15 276 283 268 279 283
30 339 325 319 314 ' 319
60 370 354 348 348 363
120 380 370 373 376 397
D2 ~ Brine quenched frc m 790°C
Onaged 102 100 92 94 101
7.5 174 156 149 158 153
15 270 252 252 242 249
30 336 330 336 325 311
60 370 397 357 345 . 354
120 394 390 383 366 366
14 « Brine quenched from 815°C
CJnaged 106 96 95 103 99
7.5 201 199 206 197 198
15 262 261 266 272 276
30 322 302 325 322 336
60 360 363 360 376 370
120 366 394 383 394 380
CHAPTER 8
ACTIVATION ENERGY MEASUREMENTS
The length changes recorded on ageing test-pieces from various 
positions in a plate of M2 (lc72 per' cent Be, 0o24 per cent Co) 
step-quenched from different solution treatment temperatures have 
been presented in Figure 33, while similar results for plates of 
various step-quenched from 790°C appear as Figure 34. It was 
mentioned that even-numbered test-pieces extracted from the plates 
used in these tests had been reserved for activation energy determinations. 
This was determined by ageing these test-pieces at various temperatures 
in the dilatometer until no further contraction was experienced. The 
time taken for the contraction to reach half its final value was 
calculated from the dilatometer curve as detailed in section 2 04 An 
Arrhenius plot was made of this time to reach half the final length 
change versus the reciprocal of the absolute ageing temperature. The 
graphs thus obtained are shown in'Figure 50 for variation of solution 
treatment tempe-rature alloy of M2 composition,in Figure 51 for 
various compositions solution treated at 790°C.
Examination of Figure 50 shows that the results for the highest
solution temperature - 844°C - are irregular and cannot be used for a
realistic determination of activation energy. This is in accord with
the results obtained on ageing at 320°C for 2 hours in Figure 33. For
the other three solution treatment temperatures, the values for ageing
temperatures above 235°C may have parallel lines drawn through them
corresponding to an activation energy of 11 + 0.5 kcal per mole (0.47eV
per atom). It is remarkable that the activation energy for precipitation
in this range of temperature does not appear to vary with solution 
\
treatment temperature.
The values for ageing at 235°C lie well above the lines joining 
the points for higher ageing temperatures. Experimental difficulties 
with determination of reaction end-point and estimation of half-reaction
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time on a line of shallow slope precluded use of the dilatometric 
technique at lower ageing temperatures. It was thus not. possible to 
determine the exact temperature at which a change in activation energy 
might take place0 Nevertheless, the points in Figure 50 for ageing 
at 235°C appear in the same vertical order as the lines joining the 
points for higher ageing temperatures, suggesting that their appearance 
is not due to faulty experimental technique. Although a change in 
activation energy with ageing temperature is in acccordance with 
the Guinier theory of sequential precipitation, it is difficult to see 
why such a change should occur at this temperature in an.alloy of 
this composition: the hardness measurements of Armitage predict a
G e P 0 solvus at 350°C. When the appearance of these points is considered 
in conjunction with the extremely low values of activation energy 
recorded on ageing above 235°C, it becomes reasonable to infer that 
the effects experienced are connected with the step-quenching operation.
Figure 51 also exhibits the same pattern as Figure 50, with 
anomalously high points at an ageing temperature of 235°C0 However, 
the activation energy for ageing above the last-mentioned temperature 
shows detectable variation with composition. The values obtained 
are:
1.61 per cent Be, 0.29 per cent Co: 8.5 + 0.5 ^cal per mole
1.72 per cent Be, 0.24 per cent Co: 11 _+ 0.5 kcal per mole
1.74 per cent Be, 0.22 per cent Co: 12 _+ 0.5 kcal per mole
It is not possible to distinguish the respective effects of
beryllium and cobalt contents from these results. Nevertheless, the
y
activation energies are still very low. This observation, together 
with other unusual properties of step-quenched material is discussed 
in section 10.6.
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CHAPTER 9
THERMAL LIMITATIONS IN THE QUENCHING OP COPPER-BERYLLIUM
9.1 Introduction
It has already been shown that when strip of the dimensions 
and composition used in this work is quenched in water, brine or oil, 
considerable irregularity occurs in the length changes on subsequent 
ageing. When cooled more slowly by quenching in a bath of molten 
salt, this irregularity does not occur0 However, if cooling is too 
slow, an equally undesirable effect may be experienced, namely 
discontinuous precipitation, particularly grain boundary precipitation. 
It was considered relevant therefore to attempt to set down some 
quantitative limits for an acceptable range of quenching rates for this 
alloy; these would be valuable when extending the application to 
other shapes and dimensions.
Initially, it was hoped to build a mathematical model of the 
quenching of a strip, in order to determine the limiting quenching 
conditions for the occurrence of plastic deformation and to determine 
its extent, after quenching simple shapes in various media0 However, 
this was abandoned, principally due to the difficulty in obtaining the 
necessary information for high temperature yield strain in the super­
saturated solid solution at the extremely rapid deformation rates 
involved.
The investigations carried out involved attempts to define the 
upper and lower limits of quenching rates, as laid down in the penulti­
mate paragraph above. A method was developed which involved finite 
difference methods for obtaining the temperature distribution in 
bodies of various simple configurations subjected to Newtonian cooling 
at the surface. The mathematical basis for this given in Appendix 2, 
while computer programs developed to deal with these methods are 
included as Appendix 3. A difficulty which had to be surmounted was 
the lack of information on the thermal properties of the alloy
concerned at high temperatures. This was overcome during the 
determination of the lower quenching limit, as detailed below.
9.2 Determination of Lower Quenching Limit
The lowest possible rate of quenching with copper-beryllium- or 
any other age-hardening alloy - is determined by the discontinuous 
precipitation of the solute phase. This usually occurs at the grain 
boundaries. Thus, if a piece of the alloy is subjected to continuously 
varying rates of cooling, microscopical examination will reveal the 
point at which this precipitation is first visible. If the cooling 
curve at this point is known, it will be::possible to relate this 
minimum cooling rate to other configurations. This technique has 
been established, with varying degrees of mathematical sophistication, 
in the field of ferrous metallurgy for many years. The most widely 
known method is based upon the end-quench test of Jominy and BOegehold 
(1938). It was decided to apply this test to a determination of 
cooling rates in copper-beryllium. In addition, it was made to 
provide a value for the thermal conductivity of the alloy in the 
range 0-800°C. The procedure was to develop a finite difference 
method for temperature distribution in a standard Jominy end quench 
test-piece. A Jominy test was then carried out on a material of known 
thermal properties, equipped with a thermocouple and recorder. By 
fitting the computed results for the thermocouple location to the 
experimental cooling curve thus obtained, it was possible to determine 
values for the surface heat transfer coefficients at the quenched 
end and air-cooled surface. These values were then used to fit a 
value of thermal conductivity to a similar experimental curve from a 
Cu-Be Jominy bar. This bar was then milled, metallographically 
polished and etched, enabling the point at which discontinuous 
precipitation commenced to be determined. A cooling curve for this 
point was then computed.
This method is open to the objection that the effective surface
heat transfer coefficients may differ for the copper-beryllium and
the reference material. Nevertheless, the fact that the value for
thermal conductivity thus obtained shows a tolerable agreement with
such figures as are available would seem to substantiate the supposition
sufficiently for technological purposes. A less elaborate method
based on the use of a Jominy bar for determining thermal properties has
recently been published (Jones and Chisolm (1971)).
9.2.1 Determination of Jominy Test Heat Transfer Coefficients
The first consideration was the choice of a material to use as
a standard. 18 per cent C r , 8 per cent Ni steel was considered the
most suitable since no transformation takes place in the range of
temperatures involved; furthermore the thermal properties have been
intensively investigated by Griffiths (1953) over a wide temperature
span. A less important factor is that there is very little variation
of thermal conductivity (K) and diffusivity (a) with temperature.
This facilitates curve fitting, enabling an initial fit to be obtained
with constant values for a and'K. This latter is particularly
convenient since it enables the use of a constant h value (see
Appendix 2). Values for variation of K and a with temperature were
used in the final stages. The value of thermal diffusivity used in
2 - 1such calculations was 0.047 cm sec . The thermal conductivity was 
taken as 0.05 cal cm ^ sec ^ °C \  The subroutines used to give the 
final values of K and a used are given in Appendix 3.
The experimental procedure involved the preparation of aJominy 
test bar in 18 Cr - 8 Ni austenitic steel. This was drilled axially 
to a depth of 5.1 cm from the end supported in the quenching fixture 
to accept a closely-fitting stainless steel sheathed, mineral insulated 
NiCr-NiAl thermocouple. This method has been found to give good 
sensitivity to transient temperatures (Bradley, Cockett and Peel (1970)). 
This assembly was then heated to 800°C and quenched in the customary 
manner (B.S.S. 4437: 1969 where relevant). The temperature registered
by the thermocouple was recorded on a Leeds and Northrup Speedomax 
type G recorder with 1 second full scale deflection, running at a 
chart speed of 5„08 cm per minute.
In order to obtain the values of the surface heat transfer 
coefficient, a programme was written to allow for Newtonian cooling 
in a similar bar, using the alternating - direction - implicit method, 
allowing different coefficients to be used for axial and radial cooling 
This is reproduced, together with typical results in Appendix,30 The 
results obtained are reproduced in Table 7. These are for a value of 
0o33 cal cm ^ sec ^ °C ^s for the surface heat transfer coefficient
2 i Q i
at the water quenched end and 0o0012 cal cm sec C for the air 
cooled surface. Heat flow from the end in the quenching fixture is 
neglected,, It will be noted that there is agreement to within 5 degree 
over a wide range of temperature0 There is a slight departure at the 
longer times, which is fairly consistent0 The agreement was considered 
to be adequate within the limits of the experimental errors likely 
to be involved?in particular the exact location of the thermocouple 
junction,,
Previous authors have attempted mathematical interpretations
of the cooling of Jominy bars, using analytical solutions of the heat-
flow equation to give times to half temperature at various positions,
(Grossmann, Asimow and Urban (1939), Russell and Williamson (1946))0
Although it is clearly of interest to compare their values with those
obtained above, this is rather difficult since the former work was
conceived in terms of h values for a hardehable steel having an
2 -1
arbitrary diffusivity of approximately 0„065 cm sec . If this is 
assumed to be equivalent to a conductivity of O085 cal cm  ^ sec  ^ °C  ^
by inspection of Griffiths results for similar steels, the following 
comparison may be effected for the dimensioniess parameters h x length 
and h x diameter for water quench end and air cooled surface, 
respectively.
TABLE 7
Comparison between observed and calculated 
axial temperatures at 5.1 cm from fixed end 
of 18 Cr-8 Ni Jominy end quench test bar.
Time, 
seconds
Observed 
™ ^ o '  Temperature C
Calculated
Temperature
Difference
(observed-calc ulated)
30 738 742 ~4
60 672 673 -1 '
90 608 607 +1
120 552 551 +1
150 501 502 -1
180 459 460 -1
. 210 422 424 -2
240 388 391 -3
270 ‘ 359 363 -4
300 333 338 ~5
330 310 315 •*5
360 290 294 -4
390 270 275 -5
Grossmann, Asimow and Urban hL = 18.6 hR = 0.022
Russell and Williamson 44 0.019
Present work 39c6 0.018
It can thus be seen that the present work agrees quite closely 
with the values of Russell and Williamson.
9.202 Determination of Thermal Properties of Cu-Be
A Jominy end quench test-piece was now prepared in 1.8 per cent Be, 
0 o2 per cent Co (nominal) alloy0 This was drilled for a thermocouple 
as previously detailed. The end quench test was performed, and again 
the temperature at the mid-axis recorded. The program was then provided 
with a subroutine for the variation in thermal properties of this material. 
The values in this subroutine were then adjusted to fit the experimental 
observations. As a starting point, the published values for thermal 
properties were used. The relevant values given by the Metals Handbook 
(A.S.M., 1961) are:
Thermal conductivity K = 0.14 to 0.17 cal cm  ^ sec ^ °C ^ in the
solution treated condition: 0.28 cal cm ^ sec ^ °C ^ in the aged condition.
-3Density = 8.23 _+ 0.02 gm cm
Linear coefficient of expansion: 17.8 x 10 ^ °C ^
(from 20 to 300°C)
Specific Heat: 0.1 cal gm  ^°C ^
A more useful value of specific heat is given by Hirano (1955).
This is reported as 0.11 cal gm ^ °C ^ at room temperature, rising to 
0.15 cal/gm °C at 500°C.
The properties required in calculating the temperature at the 
centre of the cylinder are thermal conductivity K (to obtain values of 
h from the surface heat transfer coefficient) and thermal diffusivity .
The latter figure is simply the conductivity divided by the product of
specific heat and density at the temperature involved. Assuming the
coefficient of expansion to remain constant up to 800°C and extrapolating 
Hirano1s results linearly to the same temperature a subroutine may be 
written into the program to calculate the diffusivity at any temperature,
given an approximate conductivity value. Thus the problem reduces 
to finding a value or expression to represent the thermal conductivity 
which will give a good fit to the figures. The best fit was found 
to be given by:
K = 0.11 + 0.00036250 cal cm"1 sec"1 °C~1 for 0 = 0 to 800°C 
A comparison with experimental results is given in Table 8.
TABLE 8
Comparison between observed and calculated axial 
temperatures at 4.7 cm from fixed end of Cu-Be 
Jominy end quench test bar.
Time,
seconds
Observed 
~ o_ Temperature C
Calculated
Temperature
Difference
(observed-calculated)
0 794 794 0
30 634 639 -5
60 488 489 -1
90 388 385 +3
120 314 311 +3
150 260 254 +6
180 216 210 +6
210 182 175 +7
240 154 147 +7
270 131 125 +6
300 112 107 +5
It is possible to indicate the sensitivity of the method to 
changes in the thermal.conductivity. In one of the attempted fits 
a' value of
K = 0.15 + 0.00031250
was used. This gave a value of 249.11°C for the temperature at 
t = 150 seconds. Thus it seems that the method is mathematically
sensitive to changes of conductivity of-jh 0.02 cal cm"1 sec’*1' °C~1‘o 
Unfortunately, since the values of specific gravity and specific 
heat are extrapolated, the physical accuracy of the value for thermal 
conductivity thus obtained cannot be assumed to fall within these 
limits.
9.2.3 Lower Quenching Limit
After quenching, the Cu-Be Jominy bar mentioned above was 
machined to a depth of 1 mm along the cylindrical surface, metallo- 
graphically polished and etched in the hydrogen peroxide-ammonia etch 
previously used. The structures observed are shown in Figure 52.
The complete absence of any discontinuous precipitate in regions close 
to the quenched end is shown in A, while C shows the well marked grain 
boundary precipitate close to the end held in the quenching fixture.
The zone at which this precipitate first became noticeable was 2 cm from 
the quenched end. A photograph of this area is shown as B in Figure 
52.
The values of temperature against time calculated for this 
position in the bar, using the values of the thermal properties as 
determined in the previous section are given as Figure 53. This 
^represents the slowest cooling which may be used in order to effect 
solution treatment of this alloy without discontinuous precipitation.
If a value is known for the effective surface heat transfer coefficient 
of the quench medium, suitable use of the programs in Appendix 3 
will enable the limiting section which may be quenched in any medium 
to be determined for semi-infinite plates, infinite cylinders and 
infinite rectangular bars.
Clearly, the above considerations will only apply in the case 
of Newtonian cooling with a constant heat transfer coefficient. The 
isothermal formation of the discontinuous precipitate has been shown 
by Wynn to behave similarly to the eutectoid transformation in steel.
In view of this, a relatively low cooling rate might be expected to
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have little effect in promoting discontinuous precipitation at 
high temperatures, whereas such a rate at 500°C - the knee of the 
isothermal transformation curve - would allow it to occur. Conventional 
quench media, oil especially, show a low initial heat transfer 
coefficient, followed by a higher value as nucleate boiling is 
established. However, it has already been shown that quenching this 
alloy in strip form into such substances produces distortion on 
ageingo It will be demonstrated below in section 9.3.1 that’ the 
salt bath used for the step quenching required to eliminate this 
distortion shows substantially Newtonian cooling conditions©
9.3 Determination of Upper Quenching Limit .
It has been shown by dilatometric measurements during the ageing 
of strip with slits cut parallel to the edge prior to solution 
treatment that the anomalous length changes experienced are associated 
with plastic deformation occurring during quenching. This deformation 
is due to strain introduced by differences in dimensions caused by 
temperature difference between the surface and the centre during 
quenching. A simple analysis (Stanfield (1936)) in terms of elastic 
deformation shows that the maximum strain is proportional to the 
temperature difference existing between the surface and the interior 
for a simple object, such as infinite cylinder. If a case can be 
found where this strain rises to the level where plastic strain just 
commences and the maximum temperature difference established for this 
case, one may hope to lay this down as a criterion which must not be 
exceeded in cases of differing geometry and quench rate.
Fortunately, such a limiting case of strain has been encountered 
in the present work, in the slit step-quenched plates used in the 
experiments described in section 6.5 It was observed in these that 
the test plate in which the test-piece made by the slit was connected 
at both ends showed some plastic deformation on quenching and consequent 
anomalous behaviour on ageing. No anomalous behaviour was shown by
similar plates quenched without the presence of slits, nor by a
test-piece extracted from the other side of the slit. It appears
that here is a case where plastic deformation is just beginning to
occur, due to the variation introduced by the presence of the slit;
hence the temperature difference existing in a plate having the
same geometry under similar quenching conditions can be taken as
giving at least an approximation to the required criterion. The
thermal properties of a beryllium-copper alloy of the same nominal
composition have been determined. The calculation of the temperature
distribution in what is assumed to be an infinitely long strip of
similar width and thickness requires the value of the surface heat
transfer coefficient of the salt-bath quench and a suitable method
for computing the temperature in such a strip during quenching.
9.3.1 Determination of Heat Transfer Coefficient of Salt Bath
Here again, use was made of a bar the same shape and size as
the Jominy end quench test bar, 10 cm long and 2.5 cm in diameter,
with a mineral insulated thermocouple inserted along the axis to
half length. The bar was heated to 800°C and quenched in the nitrite-
nitrate salt bath used previously. The thermocouple reading was
registered with the recorder previously used, the chart speed now being
2.54 cm per second. Two materials were thus quenched: 18 Cr - 8 Ni
austenitic steel and copper-beryllium of the same composition as the
Jominy bar. Using the appropriate values of thermal properties « from
Griffiths in the former case, as determined above in the latter
assuming only radial heat flow, cooling curves were calculated by
means of the appropriate program in Appendix 3. The best value of
-2 -l
surface heat transfer coefficxent was found to be 0.055 cal cm sec 
(+0.001). The figures obtained using this value are compared with 
the experimental values in Tables 9 and 10. It will be observed 
that in each case the first few calculated figures are lower than 
those observed. It is probable that this is due to local heating
of the quench medium due to immersion of the hot probe. Moderate 
agitation was achieved by moving the test-probe in the salt bath, 
but apparently this is insufficient in the early stages of -quenching. 
Subsequently, a good approach to Newtonian cooling is observed. The 
agreement between the observed and calculated values in the case of 
both 18 Cr - 8 Ni steel and copper-beryllium lends support to the 
original hypothesis of constant surface heat transfer coefficient.
9.3.2 Determination of Temperature Gradient in Quenched Strip 
The temperature distribution in an infinitely long strip 
quenched in a medium of known heat transfer coefficient may be 
determined by the alternating-direction - implicit finite difference 
technique, already used for this purpose in the Jominy bar analysis.
An appropriate program is given in Appendix 3. The cross section 
of the strip has two planes of symmetry at right angles. It is only 
necessary, therefore, to consider one quarter of the cross-section.
The strip in which the limiting conditions were found was 50 mm wide 
and 1.65 mm thick. One quadrant was divided into 120 parts in the 
width and 4 parts in the thickness, giving a uniform space increment 
of 0.2075 mm in each direction. This was found to be the smallest 
space increment compatible . with stability of the surface temperature.
A time increment of 0.03 seconds was used.
When a body at a uniform temperature is cooled to a lower 
uniform temperature, the temperature difference between the exterior 
and the centre point must rise from zero at time zero, pass through 
a maximum and finally fall to zero when the final uniform temperature 
is reached. This peak was reached in the calculation after 1.14 seconds. 
The value of temperature difference obtained was 29.7°C, remaining 
at this value for the next two time increments. The temperature 
distributions for these times are reproduced in Appendix 3. It is 
interesting to observe that at the times mentioned, the mean temperature
TABLE 9
Quenching of Cylindrical 18Cr-8Ni Test Probe 
in To So 150 at 200°C
Time, 
seconds
Observed 
Temperature C
Calculated
Temperature
Difference
Observed-Calculated
0 800 800 0
2.5 794 793 +1
5 763 746 +17
7.5 694 685 +9
10 636 634 +2
12 o 5 585 584 +2
15 543 542 +1
17 o 5 507 505 +2
20 477 477 0
22.5 • 450 441 +9
25 428 416 +12
27.5 409 394 +15
30 391- 375 +16
32.5 - 374 358 +16
35 357 .343 +14
37.5 342 329 +13
40 328 317 +9
42.5 313 306 +7
45 301 296 +5
47.5 290 286 +4
50 280 278 +2
52.5 271 270 +1
55 263 264 -1
57.5 257 258 -1
60 251 253 -2
62.5 247 248 -1
65 241 243 -2
67 .5 238 239 -1
70 234 235 -1
72.5 231 232 -1
75 229 229 0
77. 5 226 226 0
80 223 224 -1
TABLE 10
Quenching of Cylindrical Cu-Be Test Probe 
in T.So 150 at 200°C
Time, 
Seconds
Observed 
Temperature C
Calculated
Temperature
Difference 
Observed-Calculated
0 800 800 0
2.5 753 662 +91
5 624 584 +40
7o 5 534 519 +15
10 467 464 +3
12.5 414 418 -4
373 379 -6
17.5 341 348 -7
20 316 321 ~5
22 o 5 293 299 -6
25 275 282 -7
27.5 262 267 -5
30 251 256 -5
32.5 . 245 245 0
35 239 237 +2
37.5 233 230 +3
40 230 225 +5
42.5 226 220 +6
45 222 216 +■6
47.5 219 214 -5
50 218 213 -5
varies from slightly above to slightly .below 495°C - the mid-temperature 
point for the initial and final temperatures used in the calculation.
It may thus be taken that a temperature difference of 29°C 
between the surface and the centre should not be exceeded when 
quenching copper-beryllium from the solution treatment temperature 
if plastic deformation is to be avoided.
Limitations
The primary aim of the work reported in this chapter was to
assess the feasibility of a quantitative approach to the problems
involved in the quenching of an alloy in which a minimum cooling
rate must be maintained, yet plastic deformation also must be avoided.
The results obtained suggest that such an approach is possible.
However, it is clear that further work is necessary, in some directions
to increase the accuracy, in others to determine the degree of 
and
accuracy needed/to simplify where possible.
The method used to determine the thermal conductivity is 
dependent upon accurate values for density (thermal expansion) and 
specific heat. These are required for a supersaturated solid solution at 
elevated temperatures, and it is clear that for measurement of the 
former, at least, it would be necessary to develop a dynamic method 
similar to that usedbere for thermal conductivity. Once values for 
these parameters over the appropriate temperatures are available, 
the effect of variations in chemical composition on thermal conductivity 
may be determined. This is probably the source of the greatest 
uncertainty in the figures determined above.
Simplification may well be possible in mathematical methods 
used. In general, the values of temperatures obtained from these 
have been of a greatly higher degree of accuracy than those obtained 
by the use of a potentiometric chart recorder. While this difference 
might be reduced by the use of a digital voltmeter and data logging 
system, further experience will indicate where space and time
increments may be increased and two-dimensional treatments reduced 
to one dimension.
CHAPTER 10
DISCUSSION OF RESULTS
10.1 Irregular Length Changes on Ageing
It is apparent from the dilatometric results in Chapter 3 
that considerable variations occur in the length changes observed 
during the ageing of copper“beryllium-cobalt alloys. These 
variations are present both within the same piece of solution treated 
material and also from one piece of material to another. The general 
trend is for the outer edge of a quenched strip to show less contraction 
than the interior. In some cases this diminished contraction may 
become an expansion. This is somewhat more marked in the case of the 
higher beryllium alloys, as shown in Figure 32. Considerable 
irregularity is also exhibited by many of the tests conducted on 
material of different thicknesses quenched in conventional media.
Thus$ in Figure 24 to 27, three out of the four sets of results 
plotted in each figure give a reasonably continuous4variation in 
behaviour across the width of the strip. One result in each case 
exhibits considerable variation. These variations are not randoms 
the peaks and troughs can mostly be discerned over three or more 
points, indicating an actual variation in the physical condition of the 
material, rather than some deficiency in the testing technique.
It has further been shown that the variations in behaviour may 
be eliminated by step-quenching from the solution- treatment temperature 
into a molten salt bath at a temperature below the normal ageing 
temperature followed by cooling to room temperature. The inference 
must therefore be drawn that the effect is in some way connected 
with cooling from the solution treatment temperature.
In the light of this argument, it is possible to put forward 
an explanation of the irregularity and poor reproducibility of the 
length changes experienced after cooling in conventional quenching 
media - brine, water, oil. In all these cases, immersing a body at
a temperature of some 800°C in the quench liquid will cause boiling 
at the surface of the quenched material. This is generally held to 
take place in two stages. The first of these, 'film1 boiling involves 
the existence of a stable vapour film over large areas, heat transfer 
from the quenched material only being possible by radiation across 
and convection through this film. This results in a relatively low 
rate of heat transfer. The second stage, ’nucleate* boiling, takes 
place when the temperature difference between the immersed material and 
the quench medium has fallen to a lower value. Vapour bubbles are 
nucleated over the surface and the rate of heat transfer is considerably 
increased. High-speed photography has revealed that the conditions 
for the onset of nucleate boiling may vary considerably. In the case 
of quenching a large body, these processes take place over several 
seconds or even minutes. This gives a chance of statistical averageing 
of these variations. In the case considered here - quenching of a 
plate 1.65 mm thick or less - the total quench time is a very few 
seconds. Any variations in boiling behaviour will therefore become 
more important and will be revealed by any subsequent investigation 
of phenomena sensitive to quench rate. It .is relevant in this context 
to note the very considerable local irregularities to be found for Figures 
26 and 27, the thinner two materials.
10.2 Variation of Length Change across Strip Width
Having established a connection between quenching and length 
change on ageing and indicated a possible reason for irregularities, 
it becomes necessary to consider the explanation for this connection.
It has already been noted that the general trend is for the amount of 
contraction experienced to increase as the .test-piece position approaches 
the centre of the strip. This trend may be explained by the fact that 
tlee outer edges of a body of rectangular cross-section of high aspect- 
ratio will be cooled more rapidly than the interior of the section, 
due to the higher surface to volume ratio at the edge. An alternative
way of regarding this is to consider the 1.65 mm by 50 mm cross- 
section as the resultant of the cooling of a section of an infinite 
plate 1.65 mm thick and a section of a similar plate 50 mm thick.
(This is the physical basis of the alternating-direction-implicit 
method). It will be seen therefore that the outer edge of the plates 
will cool more rapidly than the interior. This does not allow for 
any effect of the edges themselves acting as nucleation sites for the 
promotion of nucleate boiling, thus further enhancing the effect.
It is reasonable, therefore, to associate this variation of behaviour 
across the width of the strip with the difference in cooling rate 
between the edge and the interior of the plate.
Since no direct connection is apparent between cooling rate and 
subsequent precipitation reactions , it is necessary to examine the 
effect of quenching rate on intermediate variables. This is done in 
the next three sections, relating to precipitation mechanism, residual 
strain and plastic deformation during quenching.
10.3 Precipitation Mechanism
The first possibility considered was that the higher cooling 
rates experienced at the edge might cause a difference in the defect 
concentration or type, giving rise to a previously unobserved 
precipitation pattern. It was hoped that such a precipitate would 
involve an expansion. The increase in amount and extent of ’expanding* 
material at high solution treatment temperatures (Figure 29) would be 
in accord with this hypothesis. However, electron microscopy showed 
that the structure of aged material, as revealed in both bright field 
and electron diffraction, was the same whether the material showed 
contraction or expansion upon ageing. It might be possible to 
postulate that the same end product was achieved by a different 
mechanism, for instance, the promotion of diffusion by interstitials 
rather than vacancies. However, to convert a length change of -0.2 
per cent to one of +0.15 per cent would involve an interstitial
concentration of over one per cent - an incredibly high figure. 
Furthermore, such an explanation would not fit the fact that in 
some cases the contraction was greater than the average, as in C4 
in Figures 26 and 29.
10„4 Residual Strain
If rapid quenching does not affect precipitation mechanism, 
some other factor affected by variation of quenching rate must be 
sought. The existence of plastic deformation during the quench is 
amply demonstrated by Figure 46. This should result in a residual 
(elastic) strain pattern in the plate of compression at the edge, 
changing to tension in the interior. Relief of this strain during 
ageing coupled with the ageing contraction could give results similar 
to those observed. However, the results of X-ray measurements given 
in Section 5.1 show the absence of such strains in the sense of 
residual elastic strains affecting the lattice parameter of the 
crystalline matrix. In any case, it is difficult to see how such 
strains could persist after the cutting of dilatometer test-pieces.
The foregoing observations are reinforced by the results in 
Chapter 6, in which dilatometry was performed upon test-pieces which 
had been slit but remained attached to the plate at both ends during 
solution treatment and quenching. These did not contain any residual 
elastic strain, having accommodated the misfit with the rest of the 
quenched plate by plastic deformation - bowing outwards. Yet it was 
observed that these strips consistently showed an anomalous contraction 
on ageing, as given in Table 4.
10.5 Plastic Deformation
It is only on examination of the results from the plates in which 
the strip slit at the edge had one end free (Table 5) that some light 
is shed on the problem. In this case, the thermal history is the 
same as the corresponding pieces in Table 4 considered in the preceding 
paragraph. However, due to freedom from mechanical interaction with
the rest of the plate, they have not been subjected to plastic tensile 
strain in the early stages of the quench. These strips all show 
TnormalT contractions of about 0.2 per cent on ageing, while the 
immediately adjacent portions of the plate show anomalous behaviour.
This leads to the conclusion that the effect under discussion is 
associated with plastic deformation, and not with any residual strain 
due to it. Furthermore, from the results on heavily worked rod test- 
pieces and those on lightly deformed tensile strained test-pieces in 
Chapter 6, it appears that the effect of strain in promoting this 
effect is more marked at high temperatures. Before attempting any 
further explanation, it is necessary to consider some of the observations 
made during ageing of test-pieces which had been step-quenched.
10.6 Step-Quenched Material
It has been shown that quenching Cu-Be into a salt-bath below 
the normal solution treatment temperature gives uniformity of length 
change on subsequent ageing. The contraction experienced is 0.15 
per cent. It -might be inferred from the uniformity of this change 
that this is the ’normal* contraction to be expected on ageing.
However, this material cannot be considered as ’normally’ solution 
treated, for the following reasons. In the f irst place, there is a 
small but consistent difference between the hardness of step-quenched 
Cu-Be and that of similar composition conventionally quenched. The 
step-quenched plates show a surprisingly consistent value at 110 VPN, 
while the brine-quenched plates give values in the range 92-106 VPN.
This is not what might be expected; if any differerce were to be 
detectable, one would expect the unstrained material to be the softer.
The second reason for considering the step-quenched alloy to be in a 
somewhat special state is to be found in the rapid rise in hardness 
at short ageing times (7.5 minutes: see Table 6). Here, once again, 
there is a consistently detectable difference of behaviour, greater 
even than the effect of increasing the solution treatment temperature
of brine quenched alloy to 815°C.
Finally, there is the low value of activation energy found 
when ageing strip in this state at temperatures above 235°C. This 
is quite in agreement with the previous observations, pointing as 
they do to some form of pre-precipitation effect occurring during the 
very brief treatment in the salt-bath. It would seem, therefore, 
that step-quenching has an effect on the zone formation which might 
be described as antegenous. -
The conclusion must be drawn that step-quenched material itself is 
abnormal condition prior to ageing. Equally, then, it would seem 
unjustifiable to assume that its dimensional change, although uniform, 
is the norm to be expected from this alloy.
10.7 G.P. Zone Structure and Composition
The anomalous length changes experienced are shown by electron 
microscopy to be associated with the zone stage of ageing. Armitage 
has given a value of c = 3.22 S for the tetragonal parameter of 
the zones in Cu-Be, with a figure a = 3.58 This latter is the
lattice parameter of the solid solution. Any dimensional change on 
ageing will be the sum of a contraction due to the formation of zones 
and an expansion due to the increase in lattice parameter of the 
depleted solid solution. The latter is relatively easy to calculate 
from Armitage's observations; the former contains a number of unknowns. 
The most important of these is the dilatational strain (if any) 
associated with the coherency strain field around the zone. There 
is little or no quantitative information available on this effect, 
although Gerold and more recent authors (Hasebe, Okabe and Mannami) 
have produced models for the strain distribution around zones. There 
is general agreement on Gerold1s model of the zone structure in Al-Cu 
being applicable to this alloy. This consists of a disc-shaped, 
face-centered tetragonal structure of beryllium atoms, associated 
with a layer of copper atoms above and below, the zone being coherent
with the matrix on the disc faces „ If one neglects dilatational 
strain,takes Armitage*s value of c = 3.22 & for one parameter of 
the tetragonal structure and the lattice parameter of the
. depleted solid solution,
as the other, it is possible to calculate the overall volume change 
for a given percentage of solute atoms precipitating as zones. Some 
inaccuracy was experienced in interpolating accurately from the graph 
of composition versus lattice parameter given by Armitage, therefore 
a computer program was written to generate this as a continuous 
function and calculate the volume change. This is reproduced as 
Appendix 4. Using Gerold*s model, with an overall zone composition 
corresponding to Cu^Be, it was found that a 12 atomic per cent alloy, 
with 75 per cent of the beryllium atoms present as zones had a volume 
contraction of 0.67 per cent. However, the intermediate precipitate 
has the composition CuBe. This is, presumably reached by stacking 
of zones, when the proportions will tend to this limit. A second 
calculation using the same parameters as previously, but with a zone 
composition of Cu Be now showed an expansion of 0.41 per cent of 
the original volume,, These figures both increase with increasing Be 
contento It is now possible to put forward an explanation for the 
observed length changes in terms of variations in the overall composition 
of the G„P. zones formed in the alloy.
This explanation is supported by the variations in lattice para­
meter found in the forward reflection X-ray patterns (Fig. 45) from 
aged material. Furthermore, it predicts volume variations, which 
are consistent with the results obtained on dilatometer test-pieces 
taken at right angles to test-pieces showing a considerable expansion 
parallel to the long axis of the strip.
The explanation may be carried a stage further to account for 
the association of these variations with plastic deformation. A 
zone which forms on a jlOC)| plane will cut the slip plane jlll| in
a <(110)> direction. This is itself a slip direction. If a 
dislocation is associated with slip along such a direction, it can 
be seen that the edge component of this dislocation will be perpendic­
ular to the slip direction, since the Burger’s vector of an edge 
dislocation is perpendicular to the line of the dislocation. Migration 
of the solute atoms to the strain field of the edge dislocation will 
thus give lining up of beryllium atoms perpendicular to the zone 
cross-section in the slip plane. This may well give rise to zone 
stacking, reducing their overall copper content. This migration of 
beryllium atoms to defects would be considerably easier at high 
temperatures; this could be held to account for the marked effect 
on length change of quenching strains, as opposed to the smaller 
effect of similar deformations at room temperature.
The fact that little or no difference in hardening is found 
between different parts of the same plate showing widely different 
dimensional behaviour (Table 6), does not seem contrary to this 
hypothesis. Current theory holds that the mechanism of hardening 
is due to the strain fields surrounding coherent precipitates: in
this case the strain fields will be similar, although differing in 
extent.
A more serious objection is the fact that some experimental 
results show very large linear contractions, larger than one third 
of the 0.69 per cent volume change predicted by the calculation above. 
This may be met by a more detailed consideration of the mechanism 
proposed. Equiaxial distribution of the volume change, involving 
division of this figure by 3 to give the length change, makes the 
assumption that the zones form equally on all equivalent planes of 
the form jl00| . The suggestion that zone stacking is caused by 
solute migration to line defects is immediately contradictory to this 
assumption, implying preferential zone formation on planes affected 
by such solute concentrations. The exact choice of plane will depend
on interaction with defect-pinned solute on other slip planes in 
the crystal. It is possible nevertheless to suppose that the overall 
volume contraction may be made up of a large contraction perpendicular 
to the stacked zones, with a smaller contraction - or conceivably an 
expansion - in either of the two other cube edge directions.
The interpretation of these effects in a polycrystalline 
aggregate, even when assured of random orientation, under the complex 
tri-axial strain conditions encountered during quenching presents 
very considerable difficulties. Although step-quenching gives a 
shop-floor control of length changes, a fundamental investigation 
would require a continuous strain-free quench of a single crystal to 
room temperature or below, followed by accurate measurements of 
length changes on ageing. Such a quench might be achieved by using a 
sub-zero fluidised bed whose heat transfer coefficient may be varied 
by varying the bed temperature (Daniell and Britton (1969)). Having 
established a datum for the contraction a straining jig could be 
used to deform, further single crystals in simple modes in known 
crystal orientations during an otherwise strain-free quench.
10.7 Summary
It has been shown that commercial alloys of nominal composition 
1.8 weight per cent Be and 0.2 weight per cent Co, balance Cu, when 
quenched in strip form into conventional liquid media (water, brine, 
oil) from the solution treatment temperature show considerable 
variations in length change on subsequent ageing at the usual temperature 
of 320°C. The pattern exhibited is an expansion or small contraction 
at and parallel to the edge of■the strip, following a negative slope 
as the centre is approached. Evidence points to this becoming more 
pronounced at higher beryllium contents. Nevertheless, considerable 
variation of behaviour is found, especially in water quenched plates. 
Brine quenched material shows a slightly more consistent pattern, 
although even in this case 25 per cent of the results show irregularity.
It is suggested that this is due to variations in vapour phase 
formation during the quenching, quench times for strip being too 
short to average out these variations.
These dimensional differences have been shown to be associated 
with plastic deformation during quenching. Deformation at room 
temperature by rolling and tension is not as effective as a similar 
amount of deformation during quenching in producing variations in 
length change on ageing. ’
The mechanism proposed to account for the variations observed 
is variation in overall composition of the Guinier-Preston zones, due 
to solute~defect interaction. The consequent variation in solute 
content of the depleted matrix gives rise to a total change which 
may be either a contraction or an expansion.
Uniformity of dimensional change on ageing may be brought about
by quenching from the solution treatment temperature into a molten
nitrite-nitrate salt bath at a temperature below the normal ageing
temperature, followed by cooling to room temperature. The zone
structures found in such material do not differ from those present
after conventional quenching when examined in the electron microscope.
A slightly higher hardness is detectable in the salt bath quenched.
alloy, together with a more rapid increase in hardness during the
first few minutes of ageing at 320°C. The activation energy for the
precipitation reaction above 235°C, as measured dilatometrically, is
low, 8 to 12 kcal per mole. These facts are taken as signifying
antegenetic zone formation during quenching into molten salt.
The upper and lower limits for quenching a berylliunwcopper
alloy from the solution treatment temperature haye also been determined.
' by
The lower limit is given/the appearance of discontinuous precipitation, 
while the upper limit is determined by the limiting temperature 
difference between exterior and centre of the quenched body for the 
occurrence of plastic strain. Software has been provided to allow
these criteria to be applied to other sizes of strip, plates and 
cylinders and other quench media of known heat transfer properties.
CONCLUSIONS
10 Alloys of from 1.61 to 1.80 per cent by weight of beryllium, 
with 0 o22 to 0.29 per cent cobalt show considerable variations in 
dimensional change when aged at 320°C after quenching in conventional 
liquid media.
2. The edge of the strip shows a diminished contraction 
parallel to the longitudinal axis compared with the centre. In 
several cases, the edge shows an expansion on ageing. The length 
changes observed varied between 0.18 per cent expansion and 0.38 per 
cent contraction. Considerable irregularity is experienced between 
samples and within individual samples.
3. Uniformity of dimensional change on ageing may be ensured 
by quenching from the solution treatment temperature into a. molten 
nitrite-nitrate salt bath at a temperature of 190°C.
4. The variation in behaviour is associated with plastic 
deformation during quenching from solution treatment temperature.
50 The limiting temperature difference between surface and 
centre for the onset of plastic deformation during quenching is 29°C.
6. There is. evidence of solute-dislocation interaction, 
resulting in variation of overall composition of the GoPo zones and 
concomitant change in solid solution lattice parameter.
7. A cooling regime to avoid discontinuous precipitation has 
been ascertained.
Appendix 1
Conversion of Weight to Atomic Percentage 
for Binary System Copper-Beryllium 
over 0-3o0 0 Per Cent Range
CONVERSION TABLE FOR WEIGHT TO ATOMIC PERCENTAGE OF BERYLLIUM 
FOR THE BINARY SYSTEM COPPER-BERYLLIUM
WEIGHT ATOMIC WEIGHT
PER CENT PER CENT PER CENT
0 .0 2 0.14 1 .02
0.04 0 . 2 8 1 .04
0 .0 6 0.42 1 .06
0 .0 8 0 .5 6 1 .0 8
0 .1 0 0.70 1 .10
0 .1 2 0.84 1 .12
0.1 4 0 .9 8 1.14
0 .1 6 1.12 1 .16
0 . 1 8 1.26 1 .1 8
0 .2 0 1.39 1 .2 0
0 .2 2 1.53 1 .22
0.24 1 .6 7 1 .24
0 .2 6 1 .8 0 1 .26
0 .2 8 1.94 1 .2 8
0 .3 0 2 . 0 8 1 .30
0.32 2.21 1 .32
0.34 2.35 1.34
0 .3 6 2.48 1 .36
0 . 3 8 2 .6 2 1 .38
o.4o 2.75 1 .40
0.42 2.89 1 .42
0.44 3 .0 2 1.44
0.46 3 .1 6 1.46
0.48 3.29 1.48
0 .5 0 3.42 1.50
0.52 3.55 1.52
0.54 3.69 1.54
0 .5 6 3 .8 2 1 .56
0 .5 8 3.95 1.58
0 .6 0 4.08 1 .6 0
0 .6 2 4.21 1 .6 2
0.64 4.34 1.64
0 .6 6 4.47 1 .66
0 . 6 8 4.60 1 .6 8
0 .7 0 4.73 1 .7 0
O.72 4.86 1.72
0.74 4.99 1.74
0 .7 6 5 .1 2 1 .76
O.78 5.25 1.78
0 .8 0 5.38 1 .8 0
0 .8 2 5.51 1 .82
0.84 5.64 1.84
0 .8 6 5.76 1 .86
0 .8 8 5.89 1 .8 8
0 .9 0 6 .0 2 1 .9 0
O.92 6.14 1.92
0 .9 4 6.27 1.94
0 .9 6 6.40 1 .96
0 .9 8 6 .5 2 1.98
1 .00 6 .6 5 2 . 0 0
ATOMIC WEIGHT ATOMIC
PER CENT PER CENT PER CENT
6.77 2 .0 2 12.69
6 .9 0 2.04 1 2 .80
7 .0 2 2 .0 6 12.91
7.15 2 . 0 8 13 .02
7.27 2 . 1 0 13.14
7.39 2 .1 2 13.25
7.52 2.14 13.36
7.64 2 .1 6 13.47
7.76 2 . 1 8 13.58
7.89 2 . 2 0 13.69
8.01 2 .2 2 13 .80
8.13 2.24 13.91
8.25 2 .2 6 14.02
8 .3 8 2 . 2 8 14.13
8.50 2.30 14.23
8 .6 2 2 .3 2 14.34
8.74 2.34 14.45
8 .8 6 2 .3 6 14.56
8 .9 8 2.38 ■ 14.67
9.10 2.40 14.77
9 .2 2 2.42 14.88
9.34 2.44 14.99
9.46 2,46 15.10
9.58 2.48 1 5 .2 0
9.69 2 .5 0 15.31
9.81 2 .5 2 15.42
9.93 2.54 15.52
10 .05 2 .5 6 15.63
10.17 2 . 5 8 15.73
10 .28 2 . 6 0 15.84
10.40 2 . 6 2 15.94
10 .52 2.64 1 6 .05
10.63 2 .6 6 16.15
10.75 2 . 6 8 16 .26
1 0 .87 2 .7 0 16 .3 6
10 .98 2 .7 2 16.47
11 .1 0 2.74 16.57
11.21 2 .7 6 J6 . 6 7
11.33 2 .7 8 1 6 .7 8
11.44 2 .8 0 1 6 .8 8
11.56 2 .8 2 1 6 .9 8
11 .67 2.84 17.09
11.79 2 .8 6 17.19
11.90 2 .8 8 17.29
12.01 2 .9 0 17.39
12.13 2 .9 2 1 7 .4 9
.12.24 2.94 1 7 .6 0
12.35 2 .9 6 17.70
12.47 2 . 9 8 1 7 .8 0
12.58 3 .0 0 1 7 .9 0
Appendix 2
Heat Transfer and Quenching 
Symbols used:
0 instantaneous temperature at point under consideration in °C.
o
initial temperature of body being quenched, C c
0' temperature of quench medium, °C.A
t time in seconds„
a thermal diffusivity of quenched body.
K thermal conductivity of quenched body,
p density of quenched body.
C p specific heat (per unit mass) of quenched body.
Xjy,z positions on quenched body in 3«dimen$ional rectangular 
co-ordinates.
R outside radius of cylindrical body in cm.
D = 2R
r radius of cylinder at point considered in cm.
D = 2ru
a surface heat transfer coefficient (kcal cm ^ sec ^ °C
h relative heat transfer coefficient (cm
H = h/2
q rate of heat flow (kcal sec
Considering the simplest case of convective heat transfer 
between a solid object and a liquid quench medium, i0e 0 where Newton* 
law of cooling is obeyed,
q = a (0 - 0^) per unit area
For the surface of the solid object, the law of conduction is (instan
taneously and neglecting the sign)
- v
q - K 3^
We can write:
5§ = I  <e - V
Introducing the relative heat transfer coefficient h
. ~1It will be observed that h has the dimension of length : if
multiplied by a suitable length a dimensionless number is achieved.
In the case of radial heat flow in a cylinder (of infinite length) 
this will be hR; Grossmann (1952) however worked in terms of diameter 
and introduced the so-called quench coefficient H, with dimensionless 
parameter HD. Working with the centimetre as the unit, the value of 
H for a conventional water quench is around 1 cm \  This has led to 
the adoption of H as the factor by which metallurgical quench media 
are evaluated.
H can be measured by placing a thermocouple at some position 
in a body to be quenched and obtaining a relation between the 
temperature and the time for that point0 The problem is then to relate 
this to conditions at the surface «, Even if the thermocouple is at 
the liquid - solid interface, this involves consideration of the flow 
of heat by conduction in the quenched body. Such information involves 
the equation for non-steady state conduction:
This is not soluble as a general case. If, however, we 
restrict our argument to the case of a cylinder sufficiently long to 
be considered infinite, the equation becomes
be
5t
a
For boundary conditions:
the solution of this is
k = co
J (/.*£)
— r-----------r----  e R • o - R
Jo ( Mk) + J1 ( Mk)
e 0o
2
Mk *
k = 1
where: J (x) is a Bessel function of first kind, order zeroo ’
JT^(x) a similar function of first order 
^k corresponds to the values of the roots of the
transcendental equation:
= h R Jq ( m )
Using Grossmann's notation, and introducing the temperature of the 
quenching medium 0 so that:
we can summarise the above as
This function has been calculated by several authors, the most 
comprehensive tabulation being by Heisler (1947)„ These allow l/HD
an infinitely long cylinder,, The case of the sphere and the infinite 
plate are also considered*
Numerical Methods
The above analytical solutions have a number of drawbacks*
They are only available for certain values of HD, which may not 
correspond with those encountered in practice. The most serious is 
that no correction is made for variation of thermal diffusivity with 
temperature* In some cases this is unimportant, for example 
austenitic steels* However, most steels normally hardened by quenching 
show considerable variation over the temperature range (Griffiths ~
Ut .<£ (HD, —  , Du)D D
4 o.t
to be determined from plots of ---  against II ^  for the centre of
(1953))
A suitable finite difference method can be made to allow for
these factorss and may further be developed to allow for non- 
Newtonian cooling. The body in which heat is flowing is divided 
up into a number of discrete parts. Simple methods (Schmidt (1924), 
Dusinberre (1949)) equate heat flow into and out from each element. 
However, with the availability of high-speed digital computers, a 
more accurate method based on a Taylor series may be used.
In the case of one-dimensional heat flow (infinite plate or 
insulated rod), we may define P points equally spaced along the x « 
axis. The increment between these points is Ax, the finite difference, 
The value of the variable at each point is denoted by the subscript 
i and is defined as 
. x . = i ( A x )l
This index i takes on integral values from 1 to P 
We may write
x. = x. + A x  (4)l + 1 l \ /
x. . = x . - A x  " (5)
i - l  l ' •
If we now have a dependent variable u, we may write a
Taylor seriess
d2u ( \2
(x + Ax) = (x) + du (x) A x  +    (x)  ^Ax
dx dx 21
3 3
^ d u , . ( A x T
+ 3* +.O. 0.0.0
dx
Using the terminology above in (4) and (5)
2 2 3 3
Ui+1 " Ui + (dx). A x  + < 2> + < 3' 31 ••••• (6)i dx dx
.2’ \ ' 2
/du\ * . /d u N (Ax) , ,3 v , A \3 , v
u ^ !  - u± - ( — ) A x  + (— JT " (l-H) + ••••• (7 )
i '
Subtracting (7) from (6)
dx'. ' 2' 2.
1 dx 3 3 Jdx
This can be rearranged to give an analogue for the first 
derivative:
( f )  =  " i + 1  -  U i - 1  -  ( ^ )  4 ^ > 2     ( 8 )
i 2 ( A x ) dx
If we neglect the last terra, the result is still second order 
correct.
Similarly by adding (6 ) and (7):
2 4
u±+1 + ui>ol = 2 u + (^-f) ( A x f  + 2 (_Ax)4 + oo..
dx dx . 4 J
i
This gives us the analogue for the second derivative:
2 4/d lu _ u.M - 2u. + u.  ^ ,d u, , s2
(— o) = 1+1 - _ I ~ (— j) (A2£)    (q \
dx2 . , A ,2 dx4 . 12 (9)l ( Ax) i
Again neglecting the last term gives us a result which is second
order correct,,
Clearly, if we wish to substitute the expressions (8 ) and (9) 
in equations (2) and (3), two discrete variables - space and time ~ 
must be considered. Denoting space by subscript i and time by n 
so that
= (x^ + Ax)
t .i = (t + At)n+1 v n 1
xi+l
We obtain: 
2
( d 6) _ 6j+l,n - 2 Qj,n + Q i-l.n
dx .2
2 ( Ax)
(10)
(-If) = 9i,n-Kl - 9 i,n ( 11 )
° At
(Equation (11) is obtained from a Taylor series in time about x_^ ,
t and is only first order correct) n '
We can thus obtain an explicit value for the temperature at any 
point after an interval of time At:
This is termed a Forward Difference Equation since it enables one 
to find the temperature at the unknown time n + 1 from the known 
distribution at the time n. It is however, subject to the restriction 
that
otherwise the physical conditions will not be fulfilled and instability 
will result. For application to quenching, it suffers from the 
further disadvantage that a change taking place at the surface (i = 0)
will not be communicated to the centre (i = P) until P increments
of time have been made. A number of methods have been developed to 
overcome these disadvantages, of which the most suitable for this 
problem is the following.
Crank~Nicolsori Equation
It will be observed from (8) that a second order correct analogue 
for the first derivative at n may be written over two increments
(n-1, n+1). If one were to write such an increment for equation (12)
this would introduce a new time, n+2.
If however, we write the time derivative for a time n + we
(Although identical with the first order correct expression for n -
to obtain this, the arithmetic mean of the analogues for time n and 
n + 1 is taken
have
(13)
equation (11) - it is now second order correct for n + |j.
Clearly, the second order space derivative at time n + | is required:
(
20 .i,n
2
This also is second order correct and unconditionally stable. Writing
the full equation for one space dimension
i-1,n+l .+ - 2 aAt i . . + 9. .i,n+l i+l,n+l
2 - 2( A x )2 
aAt
9. - 0. (15)
i,n l+l,n
This equation is not explicit in 0 for time n + 1. However, the 
values of 9 at any time n + 1 form a tridiagonal matrix which can be 
solved conveniently by the method below.
Thomas Algorithm
For a tridiagonal matrix
a- u- i + b. u. + c. u. ,. = d .i l-l i i  i i+l i
for 1 ^  i ^ P .
with a ^ = cp = 0
two parameters may be computed:
15 = b . - ai Ci-1 'with /3. = b„^ l i   rl 1
^i-1
and Y± = ~ ai Y i-1 with Tx =
■ ?i bl
The values of the dependent variable may then be obtained from
u„ = Tt-, and u. = Y • - °i Ui+1P P i i  ------
The above is easy to carry out on a computer and as the Crank-Nicholson
equation is second order correct, a relatively large time increment 
may be used.
Crank-Nicolson equation for cylinder
Equation (3) may be given a similar treatment. There are however, 
two complications:
(a) The first space derivative is written
^9 -9. .
(XT) = i+l, n • i.-l,n (16)
i,n 2( Ar)
and a similar artifice to (15) is employed. However, one of the 
terms is negative, and care is needed to ensure that i is incremented 
in the correct direction.
(b) At the centre, l/r is indefinite and it is necessary to apply
L ,Hopital,s rule.
The resulting equation is:
[l + < * r)1 0. - +
' „ -2( Ar)2 "
0 . - + -IP r)'2r .L l J jl- 1  ,n+l a At i,n+l - 2r.L 1 J
' 0. , +
„ -2(Ar)2 0. +
+ Ar
2r .L i J i-I ,n a At i,n ~1 2r.L iJ
i+l,n+1 
i+l ,n
(17)
at .the centre, i = P and
2 0- . .  - +  P-l,n+l
r  / x2 n 
-2 0 = -20 „ +
r x2 12-(_ArJ_
a At P,n+1 P-l,n a At ■P fn
(18)
Newtonian Cooling at Surface
This is expressed in equation (1). In order to be able to write 
an analogue for the first space derivative, it is necessary to employ 
a fictitious point outside the body. A temperature value is obtained 
for this point which is subsequently used to extend the Crank-Nicolson 
equation by one space increment:
From (8)
e o
_ ±,n -l,n
2 A x (19)
When working in terms of fractional temperature (U^ .) one may write
<30 h0 = 0
Hence
= e. - 2 h( Axj0 o ,n-l,n vl,n
Substituting in (17) for 0_^ n+  ^ and 0  ^ n
h(«2Ar - —P - -) ~ 2 ~ 2 ( A r )2
K a At
- h (-2 Ar ~ l A £ l _  + 2 - —
v R a At
o,n+l 
2
+ 2 ?1, n+1
-  2 1 ,n (20)
This solution is not entirely stable: for high values of h, the value
of 0 will oscillate about the correct value. This is eliminated at o
the second point, 0^ and may be eliminated entirely by the use of a 
sufficiently small space increment.
Correction for Variation in Thermal Diffusivity a
The thermal diffusivity of most metals varies with temperature.
Since the Crank-Nicolson equation is second order correct over the 
interval i - 1 to i + 1 , the appropriate value of a may be substituted 
for the point i„ As the temperature is only known for time n, this 
value is used also for i, n + 1. An appropriate value for time n + 1  
could be used, but an iterative technique would be necessary, resulting 
in an increase in computing time.
Equally it is possible to use any value of h which is required, 
constant or a function of temperature.
Among the typical programs appended is one to give temperature 
distribution in a stainless steel cylinder quenched into a salt-bath 
having h = 0.4e Variation of At by a factor of 20 showed 9 variations 
of less than one degree.
Extension to Two Dimensions
In the simplest case, a conduction in two dimensions along rectangular 
co-ordinates, two second derivatives of temperature with respect to 
space must be used, that in the x direction and that in the y direction. 
Just as the Crank-Nicolson equation for one dimension involves 
obtaining the second derivative in space for time n + \ by factorization 
into the derivatives for n and n + 1 , so it is possible to factorize 
for the space dimensions. Such a method has been given by Douglas
Alternating-Direction-Implicit Method
This involves two alternate steps or half-cycles. For the first 
step, the x analogue is written for the new time level, t an<3 the
y analogue for the old time level, t^. The equation is thu§;
(1957)s
• . . i  ** 2 u - • +  u * i  • , -ii+l, J , n+1_____ 1 ,3 ,n+1 l-l, j, n+1
(Ax)2
- 2 u . . + u
J- > J i n :
i. . i = u. . ., -u. .
( At)
This is a forward difference equation in the y direction and a 
backward difference one in the x direction. It is consequently 
implicit in x. Possible instability is avoided by reversing the 
procedure in the second step:
Ui+l,j,n+l ~2ui,j,n+l + Ui~l,j,n+1 
(Ax)2
+ u «2u + ui,j+l,n+2 i,j,n+2 i , j-l, n+2
(£y)
Ui,j,n+2 ~ Ui,j,n+1 
(At)
The two operations must be completed before the true values can 
be obtained. In the present work, this method has been used to 
calculate the temperature gradients occurring during the quenching 
of a rectangular strip. It has also been extended to cover the case 
of a non-infinite cylinder water quenched at one end and air cooled 
at the cylindrical surface.
Appendix 3
Computer Programs for the Solution of- Finite Difference Equations 
for Newtonian Cooling at the Surface of Solid Bodies
These are based on the use of the Thomas Algorithm for the 
solution of the Crank-Nicolson equation, as given in'the preceding 
Appendix.
Semi-Infinite Plate
The program overleaf deals with a plate, extending in two 
dimensions to infinity, cooled on both sides, using 20 space increments. 
As it has not been used directly in the current work, no output is 
appended. It is, however, the basis of the alternating-difference 
implicit method for an infinitely long strip. Using XFAE compiler,
4.5K words of store are used and the 200 time increments called for 
take 38 seconds of processor time.
o 
o 
o 
o
MASTER CNPLATE
CRANK-NICOLSON METHOD FOR TEMPERATURE IN PLATE,SEMI-THICKNESS DEPP 
DIFFUSIVITY ALPHA,INITIAL TEMP ST,IMMERSED IN FLUID,TEMP SURR,
H VALUE RH, BOTH.SIDES
* * * -X-* * * - X - *  * * - > ? ■ * * * * • * * * -X- *■><- -X *  - X - - X - * * # * # # * - f t  * t t # - * * *  * -X-¥ r -X-* * * * * * * * * * * * *  *
DIMENSION U(21),b (21),G(21),TEMP(21)
READ (5,30) DEP2,ALPHA,ST,SURR,RH
CONV=ST«SURR
DT=0o25
DO 1 1=1,21
1 U(I)=10 
T=0 o
DO 5 M=1,21
5 TEMP(M)=ST
WRITE (6,31) T, (TEMP(I), 1=1 ,21 ,2)
BP=2.*(DEP2/20.J**2/(ALPHA*DT)
BB=-2„-BP 
BD=2„~BP
BH=2 o *RH*DEP2/20 0 
DO 2 N=1 ,200 •
T=T+DT
B(1)=BB-BH '
' G(1 )=((BD+BH)*U(1 )-2*U(2) )/(BB-BH)
B(2)=BB-2./b (1 )
D=-U(l )+BD*U(2)-U(3)
G(2) = (D-G(1 ))/B(2)
DO 3 1=3,20 
B(l)=BB-1„/b (I-1 )
D=-u(l-1)+BD*U(l)-U(l+1 )
3 G(I)=(D-G(I-1 ))/B(l)
B(21 ) = (BB-BH)-2o/B(20)
D=-2„*U(20)+(BD+BH)*U(21 )
U(21) = (D-2o*G(20))/B(21 )
DO 4 J=1,1 9
1=21-J
4 u (i )=g (i )-u (i+ i )/B(l)
U(1 )=G(1 )-2.*U(2)/B(l )
DO 6 1=1,21
6 TET4P(l)=U(l)*C0NV+SURR 
WRITE(6,31 )T, (TEMP(I), 1=1 ,21 ,2)
2 CONTINUE
30 FORMAT(FlU 1,F4„2,F6„1,F5.1,F4.2)
31 P0RMAT(P8.4,5X,11(F7.2,3X))
STOP
END
FINISH
Infinite Cylinder
This program computes tfye temperature at the centre of an infinite 
cylinder using 20 space increments. The values of h and diffusivity 
are given by subroutines0 Those given here are for the surface heat 
transfer coefficient of molten salt (Cassel T oS.150) and the diffusivity 
of beryllium-copper. Output the data used in Table 9.
Using XFAE compiler, 6K words of store are used and the results 
given required 49 seconds of processor timec
MASTER CNCALL
C CRANK-NICOLSON METHOD FOR TEMPERATURE IN CYLINDER RADIUS R,VARYING
C DIFFUSIVITY,TEMPERATURE ST,IMMERSED IN MEDIUM OF RELATIVE HEAT
C TRANSFER COEFFICIENT RH,TEMP SURR,FOR TIME INTERVAL DT
Q ******************************************************************
DIMENSION U(21 ),B(21 ),G(21 ),TEMP(21 ),RR(21 ),STIME(200),STEMP(200), 
1VJTIME(50,2),VJTEMP(50,2),XTIME(50,2),XTEMP(50,2),A(8)
EQUIVALENCE (STIME(1 ), VITIME (1 , 1 )),(STEMP (1 ), WTEMP (1,1 )),(STIME(101 
1),XTIME(1,1)),(STEMP (101),XTEMP(1,1 ))
READ (5,29) A 
READ (5,30) R,ST,SURR,DT 
DIA=2o *R 
DRt=R/ 20.
CONV-ST-SURR 
DO 5 1=1,20 
P=21-I
5 RR(I)=1o/(2o*P)
DO 1 1-1,21 
U(I)=U
1 TEMP(I)=ST 
T=0.0 
STIME (1 )=T 
STEMP(1 }=ST
C ******
C LOOP FOR TIME INCREMENT COMMENCES:
Q ******
DO 2 N=2,200 
C INSERT RH FUNCTION HERE
T=T+DT
C THOMAS ALGORITHM USING PARAMETERS B AND G
BH=FH(TEMP(1 ),R.DR)
CALL ALPHA(TEMP(1),DR,DT,BB,BD)
B(1 )=BB+BH
G(1 )=((BD-BH)*U(1 )-2.*U(2))/b (1 )
CALL ALPHA(TEMP(2),DR,DT,BB,BD)
B(2)=BB-((1 .+RR{2) )*2. )/B(l )
D=(-RR(2)-1 ,)*u(l )+BD*U(2)-(1 „-RR(2))*U(3)
G(2) = (D-((1 .+RR(2))*G(1 )))/B(2)
DO 3 1=3,20
CALL ALPHA(TEMP(I),DR,DT,BB,BD)
B(I)=BB-((1.+RRll))*(l„-RR(l-1)))/b (I-1)
D=(-RR(I)-1 . )*u(l-1 )+BD*U(l)-(l „-RR(l))*U(l+l )
3 G(l)=(D-((l.+RR(l))*G(l-1 )))/b (i)
CALL ALPHA(TEMP(21),DR,DT,BB,BD)
B(21)=(-1.+0.5#BB)-2.*(1.-RR(20))/b (20)
G(21 ) = (-2.*u(20)+(l „+0.5*BD)*U(21 )-2.*G(20))/B(21 ) 
u(21)=G(21)
DO 4 J=1,19 
1=21-J
4 U(l )=G(I)- (1 .-RR(I))*U(I+1 )/b(I) 
u( l  )=g ( i )-2.*U(2)/b(1 )
DO 6 1=1,21
6 TEMP(I)=U(I)*CONV+SURR 
STEMP(N)=TEMP(21 )
STIME(n )=T
2 CONTINUE
WRITE (6,34) ST,SURR,DIA,A,DT 
DO 7 1=1,50
7 WRITE (6,33) (WTIME(I,J),WTEMP(I, J), J=1 ,2) •
CALL RUNOUT(6)
WRITE (6,34) ST,SURR,DIA,A,DT 
DO 8 1=1',50 
8 WRITE (6,33)(XTIME(I,J),XTEMP(I,J),J=1,2)
CALL RUNOUT(6)
29 FORMAT (8A4)
30 FORMAT (f4.2,F6„1,F5.1,F5.3)
33 FORMAT (2(14X,F6.2,5X,F6.2))
34 FORMAT (T11,'TIME-TEMPERATURE RELATION FOR CENTRE OF INFINITE CYLI 
1NDER'/T13,'QUENCHED FROM ',F4.0s'DEGREES INTO T.S.150 AT 1,F4.0,'D. 
2EGREES'//T25,'MATERIAL *,8A4,//T31,'DIAMETER ',F5.2,' CM»//T25,'TI 
3ME INCREMENT ',F4„2,' SECONDS'///T16,'TIME',T27,'TEMP',T47,'TIME', 
4T58,'TEMP'/)
STOP
END
FUNCTION FH(STEMP,SR,SDR) 
VARIATION OF H(T.S.150& CU-1.8 BE) 
TRANS=0.055
FC0ND=0.11+0.0003625 *STEMP 
42 RH=TRANS/FCOND
FH=RH*(-SDR**2/SR-2.*SDR)
RETURN
END
SUBROUTINE ALPHA(THETA,TDR,TDT,TBB,TBD)
VARIATION OF DIFFUSIVITY (CU-BE FINAL FIT)
SC0ND=0,11+0,0003625 *THETA 
52 A=SCOND/((0„11+0,00005*THETA)*(8.23-0.00041*THETA)) 
BP=2.*TDR**2/(A *TDT)
TBB=-2„-BP .
TBD=2.-BP
RETURN
END
FINISH
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MATERIAL CU-1 .8  PER CENT BE 
DIAMETER 2.54 CM 
TIME INCREMENT 0.25 SECONDS
TIME TEW TIME TEMP
0.00 800.00 12.50 449.03
0.25 799.54 12.75 444.31
0.50 796.93 13.00 439.66
0.75 790o67 13.25 435.11
1.00 781.81 13.50 430.63
1.25 772.29 13.75 426.23'
1.50 762.59 14.00 421.92
1.75 752.79 14.25 417.68
2.00 743.11 14.50 413.52
2.25 733.52 14.75 409.43
2.50 724.07 15.00 405.42
2.75 714.76 15.25 401.49
3.00 705.58 '15.50 397.62
3.25 696.56 15.75 393.83
3.50 687.67 16.00 390.10
3.75 678.92 16.25 386.44
4.00 670.31 16.50 382.86
4.25 661.84 16.75 379.33
4.50 653.51 17.00 375.88
4.75 645.31 17.25 372.48
5.00 637.24 17.50 369.15
5.25 629.30 17.75 365.88
5 .50 621.49 18.00 362.68
5.75 613.81 18.25 359.53
6 .00 606.26 18.50 356.44
6.25 598.83 18.75 353.41
6.50 591.52 19.00 350.44
6.75 584.33 19.25 347.52
7.00 577.27 19.50 344.65
7.25 570.32 19.75 341.84
7.50 563.49 20.00 339.09
7.75 556.77 20.25 336.38
8.00 550.17 20.50 333.73
8.25 543.68 20.75 331.13
8.50 537.30 21.00 328.57
8.75 531.03 21.25 326.07
9.00 524.86 21.50 323.61
9.25 518.81 21.75 321.20
9.50 512.85 22.00 318.83
9.75 507.00 22.25 316.51
10.00 501.25 22.50 314.23
10.25 495.61 22.75 312.00
10.50 490.06 ' 23.00 309.81
10.75 484.60 23.25 307.66
11.00 479.24 23.50 305.56
11.25 473.98 23.75 303.49
11.50 468.81 24.00 301.46
11.75 463.73 24.25 299.47
12.00 458.74 24.50 297.52
12.25 453.85 24.75 295.61
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MATERIAL CU-1 .8 PER CENT BE 
DIAMETER 2.54 CM 
TIME INCREMENT 0.25 SECONDS
TIME TEMP TIME TEMP
25.00 293.73 37.50 234.57
25.25 291 .89 37.75 233.88
25.50 . 290.09 38.00 233.21
25.75 288.32 38.25 232.55
26.00 286.59 38.50 231.90
26.25 284.88 38.75 231.27
26.50 283.22 39.00 230.65
26.75 281.58 39-25 230.04
27.00 279.97 39.50 229.44
27.25 278.40 39.75 228.86
27.50 276.86 40.00 228.29
27.75 275.34 40.25 227.72
28.00 273.86 40.50 227.17
28.25 272.40 40.75 226.63
28.50 270.98 41 .00 226„10
28.75 269.58 41 .25 225.59
29.00 268.21 41.50 225.08
29.25 266„86 41.75 224.58
29.50 265.54 42.00 224.09
29.75 264.25 42.25 223.61
30.00 262.98 42.50 223.14
30.25 261.74 42.75 222.68
30.50 260.52 43.00 222.23
30.75 259.32 43.25 221.79
31.00 258.15 43.50 221.36
31.25 257.00 43.75 220.93
31.50 255.87 44.00 220.51
31.75 254.77 44.25 220.1 1
32.00 253.69 44.50 219.71
32.25 252.62 44.75 219.31
32.50 251.58 45.00 218.93
32.75 250.56 45.25 218.55
33.00 249.56 45.50 218.18
33.25 248.58 45.75 217.82
33.50 247.62 46.00 217.47
33.75 246.68 46.25 217.12
34.00 245.75 46.50 216.78
34.25 244.85 46.75 216.45
34.50 243.96 47.00 216.12
34.75 243.09 47.25 215.80
35.00 242.23 47.50 215.48
35.25 241.40 47.75 215.17
35.50 240.58 48.00 214.87
35.75 239.77 48.25 214.58
36.00 238.98 48.50 214.29
36.25 238.21 48.75 214.00
36.50 237.45 49.00 213.72
36.75 236.71 49.25 213.45
37.00 235.98 49.50 213.18
37.25 235.27 49.75 212.92
Jominy End-Quench Test
This program uses the alternating-direction-implicit method to 
give the temperature distribution in a bar 10.16 cm long, 1.27 cm 
radius, cooled by water jet at one end, air cooled at the sides„
80 space increments are used longitudinally, 10 radially. To conserve 
computing time, the program is run for a limited number of time increments 
controlled by ISTART and lENDo In the case of starting from zero time, 
the temperature throughout the bar is set equal to ST; when TEND is 
reached, the rationalised temperature, time level, and results so 
far obtained are dumped on to magnetic tape. By use of suitable ISTART 
value on a subsequent run the program resumes where it has terminated.
The first result is for the Cu-Be Jominy bar, the figures being 
those used in Table 8 and Figure 53. These are followed by the 
subroutines used for 18 Cr-8Ni steel, together with the results for 
Table 7.
Processor time for 40 time increments was 687 seconds, occupying 
16K of core store.
o 
O 
o 
O 
O 
O 
Q 
O 
O
MASTER JOBAR
ALTERNATING-DIRECTION-IMPLICIT METHOD FOR JOMINY END QUENCH TEST 
V/ITH VARIABLE DIFFUSIVITY 
-x-
INTEGER R,S
DIMENSION U(81 ,11),V(81,11),TEMP(8l,l1),B(81),G(8l),RR(11),
1 STIME (200), STEMP (2 0 0), WTIME (40,5), WTEMP (40, 5 ), A (8 ), WCTEMP (■40,5 ), C 
2TEMP(200)
EQUIVALENCE (STIME(1),WTIME(1,1)), (STEMP(1 ),WTEMP(1,1)),(CTEMP(1)
1 ,WCTEMP(1 .1 ) )
READ(5,31) DT 
READ (5,32) ST,SURR 
READ(5,33) IL,IR 
READ (5,34) A 
READ (5,37) ISTART,TEND 
REWIND 10 
CR=1o27 
CL=10ol6 
R=80 
S=1 O'
DCL=1O016/80 
DCR=1o27/10 
CONV=ST«SURR 
WDT=0o5*DT 
DO 1 J=1,S 
P=S+1-J
1 RR(J)=1 ./(2o*P)
DO 2 J=1,S+1 
DO 2 1=1, R+1 
U(I,J)=1o 
V(I,J)=10
2 TEMP(I,J)=ST 
' T=0o
STIME(1)=T 
STEMP(1)=ST 
CTEMP(1)=ST
THE NEXT THREE STATEMENTS WILL BE GENERATED BY A SUBROUTINE IN THE 
CASE OF VARIABLE DIFFUSIVITY
IF (ISTARToEQ.2) GO TO 22 
DO 23 J=1,S+1 
23 READ (1 0) (v(l,J).I=1 ,R+1 )
READ (10) (T)
READ (1 0) (sTIME(l),I=1 ,2 0 0)
READ (10) (STEMP (I V, 1=1 ,200)
READ (10) (CTEMP(l),I=1 ,200)
REWIND 1 0 
22 DO 20 N=ISTART,IEND
FIRST HALF CYCLE OF ALTERNATING DIRECTION ,INCREMENTING AXIAL (I) 
DIRECTION FIRST
■***#*■* *********
T=T+WDT 
C FOR J=1,-I=1
BHE=FHE(TEMP(1,1 ), DCL)
BHS=FHS(TEMP(1,1),CR,DCR)
CALL ALPHA(TEMP(1,1),DCL,WDT,BB,BD)
B(1)=BB-BHE
D=(BD-BHS)*V(1 ,1 )-2„*V(l ,2)
G(1)=D/B(1) ,
C FOR J=1,I=2
CALL ALPHA (TEMP (2,1 ),DCL.WDT,BB,BD)
BHS=FHS(TEMP(2.1),CR,DCR)
B(2)=BB-2./B(l )
D=(BD-BHS)*v(2,1)-2„*V(2,2)
G(2)=(D-G(1 ))/B(2)
FOR J=1,1=3 TO R 
DO 4 1=3,R
BHS=FHS(TEMP(1,1),CR,DCR)
CALL ALPHA(TEMP(1,1),DCL,WDT,BB,BD)
b (t)=bb~i»/b (i-i)
D=(BD-BHS)*V(I,1)-2„*V(I,2)
4 G(X)=(D-G(I-1)5/b (X)
FOR J=1,I=R+1
CALL ALPHA(TEMP(R+1,1),DCL,WOT,BB.BD)
BHS=FHS (TEMP (R+1 ,1)*CR^ DCr]
B(R+1)=1.+BB-1„/b (20)
D=(BD-BHS)*V(R+1,1 )-2. *V(R+1 ,2)
G(R+1)=(D-G(R))/B(R+1 )
U (R+1 ,1 )=G (R+1 )
DO 5 K=1,R-1 
L=R-K+1
5 U(L,1)=G(L)-U(L+1,1 )/B(L)
U(1,1 )=G(1 )-2o*U(2,1 )/B(1 )
FOR J=2 TO S
DO 6 J=2,S
BHE=FHE (TEMP (1 ,J), DCL)
CALL ALPHA (TEMP (1 ,J), DCL, WDT,BB,BD)
B(l)=BB-BHE
D=-(1 .+RR(J) )*V(1 ,J-1 )+BD*V(1 ,J)-(1 .-RR(J))*V(1 ,J+1 )
G(1 )=D/b (1 )
CALL ALPHA(TEMP(2,J),DCL,WDT,BB,BD)
B(2)=BB-2o/B(1 )
D=-(1 „+RR(J))*V(2,J-1 )+BD*V(2,J)-(l .-RR(J) )*V(2, J+1 ) 
G(2)=(d-G(1 ))/b(2 )
DO 7 1=3,R
CALL ALPHA (TEMP(I, J),DCL,WDT,EB,BD)
B(l)=BB~1,/B(X-1)
D=-(1 .+RR(J))*V(I,J-1 )+BD*V(T, J)- (1 ,-RR(j))*V(l,J+1 )
7 G(I)=(d-G(T-1 ))/b (i)
CALL ALPHA(TEMP(R+1,j),DCL,WDT,BB,BD)
B(R+1 )=1 .+BB-1 ,/B(R)
D=- (1 . +RR(J))*V(R+1 , J-1 )+BD*V(R+1,j)-(1 .-RR(J) )*V(R+1 , J+1 )
g (r+i)=(d-g(r ))/b (r+i)
U(R+1 ,J)=G(R+1 )
DO 8 K=1,R-1 
L=R-K+1
8 U(L,j)=G(L)-U(L+1,J)/B(L)
6 U(1,J)=G(1 )-2.*U(2,j)/B(l )
FOR J=S+1
BHE=FHE(TEMP(1,S+1),DCL)
CALL ALPHA(TEMP(1,S+1),DCL,WDT,BB,BD)
B(1)=BB~BHE
D=-2o *V(1,S)+BD#V(1,S+1 )
G(1)=D/B(l)
CALL ALPHA (TEMP (2, S+1 ), DCL,V/DT,BB, BD)
B(2)=BB-2./b (i )
- D=-2.»V(2,S)+BD*V(2,S+1 )
G(2)=(D-G(1))/B(2)
DO 9 T= 3,R
CALL ALPHA(TEMP(I,S+1),DCL,WDT,BB,BD)
o 
o 
o
B(I)=BB-1 „/B(l-1 )
D=-2.*V(l,S)+BD*V(l S+1 )
9 g(i)=(d-g(i-i))/b(i)
CALL ALPHA(TEMP(R+1,S+1 ) ,DCL,WDT,BB,BD)
B(R+1 )=1 „+BB-1 ,/B(R)
D=-2„*V(R+1 ,S}+BD*v (r+1 ,S+1 )
G(R+1 )=(d-g (r ) )/b (r+i )
U (R+1, S+1 )=G(R+1 )
DO 10 K=1 jR-1 
L=R-K+1
10 U(L,S+1 )=G(L)-U(L+1 ,S+1 )/b(l) 
u(l,S+1 )=g(i )-2 „*U(2,S+1 )/B(l )
DO 11 J=1,S+1 
DO 11 1=1 jR+1
11 V(I,J)=U(I,J)
SECOND HALF CYCLE OF ALTERNATING-DIRECTION-IMPLICIT METHOD,INCREM 
ENTING RADIAL (j) DIRECTION FIRST
T=T+VIDT 
C FOR 1=1,J=1
BHE=FHE (TEMP (1,1), DCL)
BHS=FHS(TEMP(1,1).CR,DCR)
CALL ALPHA(TEMP(1) 1 ),DCL,VIDT,BB,BD)
B(1)=BB+BHS
D=(BD+BHE)*V(1 ,1 )-2o*V(2,l)
G(1)=D/B(1)
C FOR 1=1,J=2
BHE=FHE(TEMP(1,2),DCL)
CALL ALPHA(TEMP(1,2),DCL,WDT,BB,BD)
B(2)=BB-((1.+RR(2))*2„)/B(1 )
D=(BD+BHE)*V(1,2)-2„*V(2,2 )
G(2) = (D-((1 .+RR(2))*G(1 )})/b (2)
C FOR 1=1,J=3 TO S
DO 12 J=3,S 
BHE=FHE(TEMP(1,J),DCL)
CALL ALPHA(TEMP(1,j),DCL,VJDT,BB,BD)
B(j)=BB-((l.+RR(j))*(1 -RR( J-1)))/b (J-1) 
D=(BD+BHE)*V(1,J)-2„*V(2,J)
12 G(J) = (D-(U+RR(J))*G(J-1 ))/B(J)
C FOR I=1,J=S+1
BHE=FHE (TEMP (1 , S+1’), DCL)
CALL ALPHA(TEMP(1,S+1),DCL,WDT,BB,BD)
b(s+i )=bb»2 .*-(u-rr(s} )/b(s)
D=(BD+BHE)*V(1 ,S+1 )~2„*V(2,S+1 )
G(S+1)=(D-2.*G(S))/b(S+1) 
u(i,s+i )=G(S+1 )
DO 13 K=1,S"1 
L=S-K+1
13 U(1,L)=G(L)-(1.-RR(L))*U(1,L+1 )/b (l )
U(1,1 )=G(1 )-2„*U(1,2)/b (1 )
C FOR 1=2 TO R 
DO 14 1=2,R
BHS=FHS(TEMP(I,1),CR,DCR)
CALL ALPHA(TEMP(1,1),DCL,WDT,BB,BD)
B(l)=BB+BHS
D=-V(1-1,1)+BD*V(l, 1 )-V(l+1,1 )
G(1 )=D/B(1 )
CALL ALPHA(TEMP(I,2),DCL,WDT,BB,BD)
B (2) =BB- (1 o +RR (2) ) *2 <,/B (1 )
D=-V(l-1,2)+BD*V(l,2)-V(l+1,2)
G(2) = (D-(1 .+RR(2))*G(1 ))/B(2)
DO 15 J=3,3
CALL ALPHA (TEMP (I, J).DCL.WDT.BB,BD) 
B(J)=BB-(1 „+RR(j))*(1 „-RR(j-1 ))/b(j-i ) 
D=-V(l-1,j)+BD*v(l,J)-V(l+1,J)
15 G(J)=(D-(1 „+RR(j))*G(J-1 ))/BU)
CALL ALPHA(TEMP(I,S+1),DCL.WDT,BB,BD) 
B(S+1 )=BB-2.*(1-RR(S) )/B(S)
D=-V(I-1 , S+1 )+BD*V(l,S+1 )-V(I+1,S+1 ) 
G(S+1)=(D-2.*G(S))/B(S+1) 
u(l,S+1 )=G(S+1 )
DO 16 K=1,S-1 
L=S-K+1
16 U(I,L)=G(L)~(1 ,-rr(l ))*u (i,l+i )/b (l )
14 U(I,1 )=G(1 )-2„*U(I,2)/b(i ) .
FOR I=R+1
BHS=FHS(TEMP(R+1,1),CR,DCR)
CALL ALPHA(TEMP(R+1,1),DCL,WDT,BB,BD) 
B(1)=BB+BHS
d=-v (r,i)+(bd-i.)*v (r+i,i)
G(1 )=D/B(1 )
CALL ALPHA(TEMP(R+1,2),DCL,WDT,BB,BD) 
B(2)=BB-(1 o+RR(2))*20/B(1 ) 
D=-V(R,2)+(BD-1 . }*V(R+1,2)
G(2 ) = (D- (1 o+RR(2) )*G(1 ) )/b (2 )
DO 17 J=3,S
CALL ALPHA(TEMP(R+1,J),DCL,WDT,BB,BD) 
B(J)=BB-(1„+RR(j))*(l.-RR(J-1) )/b (<T-1) 
D=-V(R,J)+(BD-1.)*V(R+1,J)
17 G(j)=(D-(l.+RR(j))*G(J-1))/B(J)
CALL ALPHA(TEMP(R+1,S+1),DCL.WDT.BB.BD) 
B(S+1 )=BB-2.*(l „-RR(S) )/b (s)
D=-V(R,S+1 )+(BD-1 . )*V(R+1 .S+1')
G(s+1 )=(D-2.*G(S))/B(S+1 )
U(r+1 ,S+1 )=G(S+1 )
DO 18 K=1,S-1 
L=S-K+1
18 U(R+1,L)=G(L)-(1 .-RR(L))*U(R+1,L+1 )/B(L) 
U(R+1 , 1 )=G(1 )-2„*U(R+1 ,2)/b(1 )
DO 19 J=1 ,S+1 
DO 19 1=1,R+1
TEMP(X,J)=U(I,J)*CONV+SURR
19 V(X,J)=U(I,J)
STEMP(N)=TEMP(IL,IR)
CTEMP (N)-TEMP (44, 1 1 )
STIME (N)=T
20 CONTINUE
DO 24 J=1 S+1 
24 WRITE (.1 0) (v(l,j),I=1,R+1)
WRITE (10) (t)
WRITE (10) (STIME(l),I=1,200}
WRITE (10) {STEMP(I),1=1,2 0 0)
WRITE. (10) (CTEMP(I),1=1,200)
REWIND 10
FL=IL-1
GL=FL*DCL
FR=11-IR
GR=FR*DCR
WRITE (6,35) GL,GR,A 
DO 21 1=1,40
21 WRITE (6,36) (WTIME(I, J),WTEMP(l, J), J=1 ,5)
GL=5.5
GR=0.0
WRITE (6,35) GL,GR,A 
DO 25 1=1,40 
25 WRITE (6,36) (WTIME(I,J),VICTEMP(I,J),J=1 ,5)
31 FORMAT (F5.2)
32 FORMAT (f6.1,F5»1)
33 FORMAT (2(12))
34 FORMAT (8A4)
35 FORMAT (1H1,36X,49HTEMPERATURE TIME RELATION FOR POINT IN JOMINY B 
1AR/40X,F4.1 ,21H CM FROM QUENCHED END. F3.1,10H CM RADIUS//45X,9HKA 
2TERIAL ,8A4/2X,4HTIME,6X,4HTEMP,11X,4HTIME,6X,4HTEMP,11X,4HTIME,6X 
3,4HTEMP,11X,4HTIME,6X.4HTEMP,11X,4HTIME,6X,4HTEMP/)
36 FORMAT (F7o2,3X,F7.2,4(8X,F7=2,3X,F7.2))
37 FORMAT (2(l3))
STOP
END
FUNCTION FHS(STEMP,SR,SDR)
CALCULATION OF H (CYLINDRICAL SURFACE) 
TRANS=0.0012
C0ND=0.11+0.0003625 *STEMP 
50 RH=TRANS/COND
FHS=RH* (-SDR**2/SR-2 „ *SDR)
RETURN
END
FUNCTION FHE(STEMP,SDCL) 
CALCULATION OF H(END SURFACE) 
TRANS=0.33
C0ND=0„T1+0.0003625 *STEMP 
50 RH=TRANS/COND 
FHE=2.*RH*SDCL 
RETURN 
END
SUBROUTINE ALPHA(THETA,TDR,TDT,TBB,TBD)
VARIATION OF DIFFUSIVITY (CU-BE)
SC0ND=0.11+0.0003625-miETA
A=SC0ND/((0.11+0.00005 *THETA)*(8.23-0.00041*THETA)) 
50 BP=TDR**2/(A*TDT)
TBB=-2.-BP 
TBD=2.-BP 
RETURN 
END
FINISH
TEMPERATURE TIME RELATION FOR POINT IN JOMINY BAR
2.0 CM FROM QUENCHED END 1.1 CM RADIUS
MATERIAL CU-BE 
TIME INCREMENT 2.0 SECONDS
TIME TEMP TIME TEMP
0 .0 0 794.00 100 .00 179.05
2 .0 0 775.54 102.00 176.33
4.00 723.00 104.00 173.64
6 .oo 657.66 106 .00 171 .0 7
8.oo 6 0 7 .6 8 108.00 168.53
10 .00 5 6 6 .0 9 110 .00 166 .0 9
1 2 .0 0 529.89 11 2 .0 0 163 .67
14.00 500.03 114.00 161 .35
16 .0 0 473.74 116.00 159.04
18 .00 4 5 1.04 11 8 .0 0 156.83
2 0 .0 0 431.01 120 .00 154.62
2 2 .0 0 413.15 122.00 152.49
24.00 397.20 124.00 150.38
2 6 .0 0 3 8 2 .7 6 126 .00 148.34
2 8 .0 0 369 .6 5 128.00 146.32
3 0 .0 0 357.67 130.00 144.36
3 2 .0 0 346 .6 2 13 2 .0 0 142.41
34.00 336.46 134.00 140.53
3 6 .0 0 326.99 136 .00 138 .6 6
3 8 .0 0 318.21 138 .00 136.85
40.00 309.95 140.00 135.05
42.00 302 .26 142.00 133.31
44.00 2 9 4 .9 6 144.00 131.58
46.00 2 8 8 .1 2 146.00 129 .9 0
48.00 2 8 1 .6 0 148.00 128.23
5 0 .0 0 275.46 150.00 126.61
5 2 .0 0 269.57 152 .00 125 .0 0
54.00 264.00 154 .00 123.43
5 6 .0 0 258.64 156 .00 1 2 1 .8 8
5 8 .0 0 253.54 158 .00 120.37
6 0 .0 0 248.62 160 .00 118 .76
6 2 .0 0 243.93 162 .00 118.03
64.00 239.38 164.00 117.36
6 6 .0 0 235.03 166 .00 115.99
6 8 .0 0 2 3 0 .8 0 168 .00 114.34
7 0 .0 0 2 2 6 .7 5 170.00 1 1 2 .8 2
7 2 .0 0 2 2 2 .8 0 172 .00 1 1 1 .2 8
74.00 2 1 9 .0 0 174.00 1 0 9 .8 2
7 6 .0 0 215.30 176 .00 1 0 8 .3 8
7 8 .0 0 2 1 1 .7 3 178 .00 107.01
8 0 .0 0 20 7 .9 6 18 0 .0 0 105.64
8 2 .0 0 2 0 6 .2 9 182 .00 104.35
84.00 204.53 184.00 1 0 3 .0 6
8 6 .0 0 201 .2 6 18 6 .0 0 1 0 1 .8 3
8 8 .0 0 197.62 188 .00 1 0 0 .5 8
9 0 .00 194.30 190 .00 99.41
9 2 .0 0 1 9 0 .9 8 192 .00 9 8 .2 2
94.00 187.85 194.00 97.08
96 .0 0 184.81 196 .00 95.94
9 8 .0 0 1 8 1 .8 9 198 .00 94.85
TEMPERATURE TIME RELATION FOR POINT IN JOMINY BAR
2.0 CM FROM QUENCHED END 1.1 CM RADIUS
MATERIAL CU-BE 
TIME INCREMENT 2.0 SECONDS
TIME TEMP TIME TEMP
2 0 0 .0 0 93.75 300 .0 0 56.07
2 0 2 .0 0 9 2 .6 9 ' 3 0 2 .0 0 55.56
204.00 91.63 304.00 55.04
2 0 6 .0 0 90.61 ■ 306 .0 0 54.55
2 0 8 .0 0 89.58 3 0 8 .0 0 54.05
2 1 0 .0 0 88.59 310 .0 0 53.57
2 1 2 .0 0 8 7 .6 0 312 .0 0 53.09
214.00 86.64 314.00 5 2 .6 2
2 1 6 .0 0 8 5 .6 8 31 6 .0 0 52.14
2 1 8 .0 0 84.75 3 1 8 .0 0 51.6 9
2 2 0 .0 0 83.82 3 2 0 .0 0 51.21
2 2 2 .0 0 82.93 3 2 2.0 0' 50.97
224.00 8 2 .0 2 324.00 50.79
2 2 6 .0 0 8 1.15 3 2 6 .0 0 50.39
2 2 8 .0 0 8 0 .2 8 32 8 .0 0 49.87
2 3 0 .0 0 79.43 3 3 0 .0 0 49.39
2 3 2 .0 0 78.59 332.00 48.90
234.00 77.77 334.00 48.44
2 3 6 .0 0 76.94 336.00 47.97
2 3 8 .0 0 76.15 338.00 47.54
240.00 75.30 340.00 47.09
242.00 74.89 342.00 46.68
244.00 74.56 344.00 46.26
246.00 73.86 346.00 45.86
248.00 72.97 348.00 45.45
2 5 0 .0 0 72.14 3 5 0 .0 0 4 5 .0 7
2 5 2 .0 0 71.30 352.00 44.68
2 5 4 .0 0 70.51 354.00 44.31
2 5 6 .0 0 69.71 356.00 43.93
2 5 8 .0 0 68.97 358.00 43.58
2 6 0 .0 0 6 8 .22 3 6 0 .0 0 43.21
2 6 2 .0 0 67.51 362 .0 0 42.86
264.00 6 6 .7 9 364.00 42.51
2 6 6 .0 0 6 6 .1 2 3 6 6 .0 0 42.17
2 6 8 .0 0 65.43 368 .00 41.83
2 7 0 .0 0 64.78 370.00 41.5 0
2 7 2 .0 0 64.12 372.00 4 1 .1 6
2 7 4 .0 0 63.50 374.00 40.84
2 7 6 .0 0 6 2 .8 6 376.00 40.52
2 7 8 .0 0 6 2 .2 5 378.00 40.21
2 8 0 .0 0 6 1.64 380 .0 0 39.89
2 8 2 .0 0 61 .0 5 382 .0 0 39-59
284.00 60.46 384.00 39.28
2 8 6 .0 0 59.89 3 8 6 .0 0 38.98
2 8 8 .0 0 59.31 3 8 8 .0 0 • 38.68
2 9 0 .0 0 . 5 8 .7 6 390.00 38.39
29 2 .0 0 . 58.20 392.00 38.10
2 9 4 .0 0 57.66 394.00 37.82
2 9 6 .0 0 57.12 396.00 37.53
2 9 8 .0 0 56.59 398.00 37.26
TEMPERATURE TIME RELATION FOR POINT IN JOMINY BAR
5.5 CM FROM QUENCHED END 0.0 CM RADIUS
MATERIAL CU-BE 
TIME INCREMENT 2.0 SECONDS
TIME TEMP TIME TEMP
0 .0 0 794.00 '100 .0 0 358.53
2 .0 0 792.55 102 .00 353.42
4.00 789.29 104.00 348.38
6 .0 0 785.35 106 .00 343.44
8 .0 0 779.06 108 .00 338.58
1 0 .0 0 769.94 110.00 333.81
1 2 .0 0 758.75 112 .00 329.11
14.00 746.05 114.00 324.51
16 .00 732.68 116 .00 319.99
1 8 .0 0 718.85 118 .0 0 315.55
2 0 .0 0 705.00 120 .00 311.19
2 2 .0 0 691.21 122 .00 306.91
24.00 6 7 7 .6 7 124.00 302.70
2 6 .0 0 664.42 126 .00 298.57
2 8 .0 0 6 5 1 .5 0 128.00 294.52
3 0 .0 0 6 3 8 .9 6 130 .0 0 290.53
3 2 .0 0 626.77 132 .00 2 8 6 .6 2
34.00 61 4 .9 6 134.00 2 8 2 .7 8
3 6 .0 0 603.49 136 .00 2 7 9.OO
3 8 .0 0 592.38 138 .0 0 275.29
40.00 581.59 140.00 2 7 1 .6 5
42.00 571.1 2 142.00 2 6 8 .0 6
44.00 560.95 144.00 264.54
46.00 551.0 7 146.00 2 6 1 .0 8
48.00 541.46 148.00 257.68
5 0 .0 0 5 3 2 .1 2 150 .00 254.34
5 2 .0 0 523.03 152 .00 251.05
54.00 514.18 154.00 247.82
5 6 .0 0 505.55 156 .00 244.64
5 8 .0 0 497.15 158 .00 241.51
6 0 .0 0 488.95 160 .00 236.75
6 2 .0 0 480.95 162 .00 234.10
64.00 473.15 164.00 231.17
6 6 .0 0 465.53 166 .00 228.25
6 8 .0 0 458.09 168.00 225.50
7 0 .0 0 450.82 ' 170 .0 0 222.74
7 2 .0 0 443.71 172 .00 2 2 0 .0 6
74.00 436.76 174.00 217.41
7 6 .0 0 429.97 176 .00 214.79
7 8 .0 0 423.33 178 .00 212.21
8 0 .0 0 414.94 180 .00 2 0 9 .6 5
8 2 .0 0 408.97 182 .00 207.13
84.00 402.77 ' ' 184.00 204.64
8 6 .0 0 396.78 186.00 2 0 2 .1 9
8 8 .0 0 391.05 188 .00 199.76
9 0 .0 0 385.36 190 .00 197.37
9 2 .0 0 379.85 192 .0 0 19 5 .0 2
9 4 .0 0 374.38 194.00 1 9 2 .6 9
9 6 .0 0 369.02 196 .00 190.40
9 8 .0 0 363.74 1 9 8.OO 188.15
TEMPERATURE TIME RELATION FOR POINT IN JOMINY BAR
5.5 CM FROM QUENCHED END 0.0 CM RADIUS
MATERIAL CU-BE
TIME
200.00 
202.00
204.00
206 .00  
208.00  
210.00  
212 .00
214.00
2 1 6 .0 0
21 8 .0 0  
220.00  
222.00
224.00
2 2 6 .0 0
228 .00  
230 .00  
232.00
234.00
236.00 
238.00
240.00
242.00
244.00
246.00
248.00
250.00 
252.00
254.00
2 5 6 .0 0
258.00
2 6 0 .0 0
2 6 2 .0 0
264.00
2 6 6 .0 0
2 6 8 .0 0
2 7 0 .0 0
2 7 2 .0 0
2 7 4 .0 0
2 7 6 .0 0
2 7 8 .0 0
280.00
2 8 2 .0 0
284.0 0
2 8 6 .0 0
2 8 8 .0 0
2 9 0 .0 0
2 9 2 .0 0
2 9 4 .0 0
2 9 6 .0 0
2 9 8 .0 0
TIME INCREMENT
TEMP
792.55
789.29
785.35
779.06
769.94
758.75
746.05
732.68
718.85
7 0 5 .0 0  
691.21
6 7 7 .6 7
664.42
6 5 1.50
6 3 8 .9 6  
6 2 6 .7 7
614 .9 6
603.49
592.38 
5 8 1.59
571.12
560.95
551.0 7  
541.46
532.12 
523.03
514.18
505.55
4 9 7 .1 5
488.95
480.95
473.15
465.53
458.09
450.82 
443.71
436.76
4 2 9 .9 7
423.33 
414.94
408.97
4 0 2 .7 7
396.78
391.05
385.36
379.85
374.38
369.02
363.74
358.53
2.0 SECONDS
TIME
300.00
302.00
304.00
306.00 
308.00 
310.00 
312.00
314.00
316.00 
318.00 
320.00 
322.00
324.00
326.00 
328.00
330.00
332.00
334.00
336.00
338.00
340.00
342.00
344.00
346.00
348.00
350.00
352.00
354.00
356.00
358.00
360.00 
362.00
364.00
366.00 
368.00
370.00
372.00
374.00
376.00
378.00
380.00 
382.00
384.00
386.00
388.00
390.00
392.00
394.00
396.00
398.00
TEMP
353.42
348.38
343.44
338.58
333.81 
329.11'
324.51 
319.99
315.55
311.19
306.91 
3 0 2 .7 0  
298.57
294.52
290.53 
286.62 
282.78
2 7 9.OO
275.29 
271 .65
2 6 8 .0 6
264.54
2 6 1 .0 8
2 5 7 .6 8
254.34
2 5 1 .0 5
247.82
244.64
241.51
236.75
234.10 
231.17 
228.25
2 2 5 .5 0
222.74
2 2 0 .0 6  
217.41
214.79 
212.21
2 0 9 .6 5
2 0 7 .1 3
204.64
202.19
199.76
197.37
195.02
192 .6 9  
1 9 0 .4 0
188.15
185.92
FUNCTION FHS(STEMP,SR,SDR)
CALCULATION OF H (CYLINDRICAL SURFACE) 
TRANS=0.0012
IF (STEMP-800.) 41,40,40
40 C0ND=0.062+0o0000225*(STEW-800.)
GO TO 50
41 IF (STEMP-450.) 42,43,43
42 C0ND=0„068-0.00001713*(STEMP-450.)
GO TO 50
43 IF (STEMP-350.) 45,44,44
44 C0ND=0.068 
GO TO 50
45 C0ND=0 .058+0 .00002856 *STEMP 
50 RH=TRANS/COND
FHS=RH *(-SDR* *2/SR-2.*SDR)
RETURN
END
FUNCTION FHE(STEMP,SDCL) 
CALCULATION OF H(END SURFACE) 
TRANS=0.33
IF (STEMP-800.) 41,40,40 
GO TO 50
40 CDND=0.062+0.0000225*(STEMP-800.)
41 IF (STEMP-4 5 0.) 42,43,43
42 COND=0.068-0.00001713*(STEMP-450.) 
GO TO 50
43 IF (STEMP-350.) 45,44,44
44 C0ND=0.068 
GO TO 50
45 C0ND=0.O58+O.00002856*STEMP ■
50 RH=TRANS/COND '
FHE=2.*RH*SDCL
RETURN
END
SUBROUTINE ALPHA(THETA,TDR,TDT,TBB,TBD) 
VARIATION OF DIFFUSIVITY (18CR-8NI) 
IF(THETA-850.) 41,40,40
40 A=0.0545+0.00002*(THETA-850.)
GO TO 50
41 IF(THETA-720.) 43,42,42
42 A=0.0545 
GO TO 50
43 IF(THETA-560.) 45,45,44
44 A=0.0465+0.00005»(THETA-560.)
GO TO 50
45 IF(THETA-44o.) 47,46,46
46 A=0.0465 
GO TO 50
47 IF(THETA-330.) 49,49,48
48 A=0.0405+0.000055*(THETA-330.)
GO TO 50
49 A=0«0405
50 BP=TDR**2/(A*TDT) 
TBB=-2 *-»BP 
TBD=2 o-BP 
RETURN
END
TIME TEMPERATURE RELATION FOR POINT IN JOMINY BAR
4.6 CM FROM QUENCHED END 0.0 CM RADIUS
MATERIAL 18CR-8NI STEEL 
TIME INCREMENT 2.0 SECONDS
TIME TEMP TIME TEMP TIME TEMP
0 .0 0 8 0 0 .0 0 100 .00 607.99 2 0 0 .0 0 447.86
2 .0 0 7 9 9 .8 2 102 .00 603.99 2 0 2 .0 0 445.34
4.00 798.91 104.00 600.03 204.00 442.82
6 .0 0 7 9 7 .0 4 106.00 596.11 2 0 6 .0 0 440.35
8 .0 0 794.76 108 .00 592.22 2 0 8 .0 0 437.93
1 0 .0 0 792.47 110 .00 588.37 2 1 0 .0 0 435.54
1 2 .00 790.11 112.00 584.56 2 1 2 .0 0 433.17
14.00 787.70 114.00 5 8 0 .7 9 214.00 430.82
16 .00 785.21 116.00 577.05 2 1 6 .0 0 428.50
1 8 .0 0 7 8 2 .6 0 118 .0 0 573.35 2 1 8 .0 0 426.20
2 0 .0 0 779.85 ' 120.00 5 6 9 .6 8 2 2 0 .0 0 423.92
2 2 .0 0 776.92 122 .00 56 6 .0 5 2 2 2 .0 0 421.66
24.00 773.80 124.00 562.46 224.00 . 419.42
2 6 .0 0 770.48 126 .00 558.89 2 2 6 .0 0 417.21
2 8 .0 0 766.97 128 .00 555.36 2 2 8 .0 0 415.01
3 0 .0 0 7 6 3 .2 8 130 .00 551.8 7 2 3 0 .0 0 412.83
3 2 .0 0 759.41 13 2 .0 0 548.40 2 3 2 .0 0 410.67
34.00 755.38 134.00 544.97 234.00 408.53
3 6 .0 0 751.22 136 .0 0 541.57 2 3 6 .0 0 4o6.4i
3 8 .0 0 746„93 138 .00 538.20 2 3 8 .0 0 404.31
40.00 742.53 140.00 534.86 240.00 402,23
42.00 738.04 142.00 531.56 242.00 400 .1 6
44.00 733.48 144.00 528.29 244.00 398.1.1
46.00 72 8 .8 6 146.00 525.05 246.00 396.08
48.00 724.19 148.00 5 2 1.83 248.00 394.07
5 0 .0 0 719.50 15 0 .0 0 51 8 .6 5 2 5 0 .0 0 3 9 2 .0 7
5 2 .0 0 • 7 1 4 .7 9 152 .00 515.51 2 5 2 .0 0 390.09
54.00 7 1 0 .0 7 154 .00 512.39 254.00 388 .12
5 6 .0 0 705.35 156 .00 ’ 509.30 2 5 6 .0 0 386.17
5 8 .0 0 700.63 158 .00 506.24 2 5 8 .0 0 384.24
6 0 .0 0 695.92 160.00 503.21 2 6 0 .0 0 382.32
6 2 .0 0 6 9 1.23 16 2 .0 0 500.21 2 6 2 .0 0 380.42
64.00 686 .5 6 164.00 497.23 264.00 378.53
6 6 .0 0 681.91 166 .00 494.29 2 6 6 .0 0 376 .6 6
6 8 .0 0 6 7 7 .2 8 168 .00 491.37 2 6 8 .0 0 374.81
7 0 .0 0 6 7 2 .6 9 170 .00 • 488.49 2 7 0 .0 0 372.96
7 2 .0 0 668 .1 2 172 .00 485.63 2 7 2 .0 0 371.13
74.00 6 6 3 .5 8 174.00 482.79 2 7 4 .0 0 369.32
7 6 .0 0 659.08 176 .00 479.99 2 7 6 .0 0 367.52
7 8 .0 0 654.61 178.OO 477.21 2 7 8 .0 0 365.73
8 0 .0 0 6 5 0 .1 8 18 0 .0 0 474.45 2 8 0 .0 0 363.96
8 2 .0 0 645.79 182 .00 471.73 2 8 2 .0 0 3 6 2 .2 0
84.00 641.43 184.00 469.02 284.00 360.45
8 6 .0 0 637.11 186.0 0- 466.35 2 8 6 .0 0 358.71
8 8 .0 0 632.84 . 18 8 .0 0 463.70 2 8 8 .0 0 356.99
9 0 .0 0 6 2 8 .6 0 1 9 0 .0 0 461 .0 7 2 9 0 .0 0 355.28
9 2 .0 0 624.40 192.00 458.47 2 9 2 .0 0 353.59
94.00 620.24 194.00 455.90 294.00 351.50
9 6 .0 0 6 1 6 .1 2 196 .00 453.34 2 9 6 .0 0 350.23
9 8 .0 0 612.04 198 .00 450.82 2 9 8.OO 348.57
TIME TEMPERATURE RELATION FOR POINT IN JOMINY BAR
4.6 CM FROM QUENCHED END 0.0 CM RADIUS
MATERIAL 1 8CR-8NI STEEL
111® INCREMENT 2.0 SECONDS
TIME TEMP
3 0 0o00 346.92
302000 345 028
304.00 343 o65
3 0 6 .0 0 342.04
308000 340 o44
3 1 0 .0 0 338o84
31 2 .0 0 337 026
314.00 335o69
3 1 6 .0 0 334o13
3 1 8oOO 332 057
3 2 0o00 330o51
3 2 2 .0 0 3 2 8.97
324.00 327 042
326 .0 0 325 e89
3 2 8 000 324.38
33 0 .0 0 3 2 2.90
3 3 2 .0 0 321.42
334000 319o95
3 3 6 .0 0 318o49
3 3 8oOO 317o04
340.00 . 315o60
342.00 314017
344.00 312o75
346000 311033
348.00 309o93
3 5 0 .0 0 3 0 8.53
352000 307.14
354.00 305 076
356000 304.39
358o00 303.03
36 0 .0 0 301068
3 6 2c00 3 0 0.33
364.00 2 9 8.99
3 6 6oOO 297 066
3680OO 2960 34
3 7 0 .0 0 295.03
37 2 .0 0 293o72
374.00 2 9 2.42
376000 2 9 1.13
3780OO 289o85
38 0 .0 0 2 8 8;57
382.00 287 031
384.00 286.05
386.00 284.79
388.00 283 055
390o00 2 8 2.31
392.00 2 8 1.08
394.00 279.86
396oOO 2 7 8.64
398.00 277 043
TIME TEMP
400.00 275.81
402.00 274.60
404.00 273.38
406.00 2 7 2 .1 7
408.00 2 7 0 .9 9
410.00 2 6 9 .8 2
412.00 2 6 8 .6 6
414.00 267.51
416.00 2 6 6 .3 7
418.00 2 6 5 .2 3
420.00 264.10
422.00 2 6 2 .9 8
424.00 2 6 1 .8 6
4 2 6 .0 0 2 6 0 .7 5
428.00 259.64
4 3 0 .0 0 2 5 8 .5 4
4 3 2 .0 0 2 5 7 .4 5
4 3 4 .0 0 2 5 6 .3 7
4 3 6 .0 0 2 5 5 .2 9
438.00 254.21
440.00 253.14
442.00 2 5 2 .0 8
444.00 251.03
446.00 249.98
448.00 248.93
450.00 247.89
452.00 246.86
454.00 245.83
456.00 244.81
458.00 243.80
460.00 242.79
462.00 241.78
464.00 240.78
466.00 239.79
468.00 238.80
4 7 0 .0 0 237.82
47 2 .0 0 236.84
474.00 235.87
4 7 6 .0 0 234.91
4 7 8 .0 0 233.95
480.00 232.99
482.00 232.04
484.00 . 231.09
486.00 230.15
488.00 2 2 9 .2 2
4 9 0 .0 0 228.29
4 9 2.00 2 2 7 .3 6
494.00 226.44
496.00 225.53
498.00 224.62
Infinite Bar
This program applies the alternating-difference-implicit method 
to the case of an infinitely long bar of rectangular cross sect ionc 
The output consists of the temperatures at the edge of the bar at 
each time increment, together with the temperature difference between 
the mid-point of the edge of the bar and the axis. 16 K of store are
occupied, mill time being 179 seconds for 10 complete time cycles.
MASTER ADIBAR
C ALTERNATING DIRECTION IMPLICIT METHOD FOR BAR RXSXDL,INFINITE LEN-
C GTH,VARIABLE DIFFUSIVITY GIVEN BY SUBROUTINE ALPHA,INITIAL TEMPER-
C ATURE ST,IMMERSED IN FLUID OF SURFACE HEAT TRANSFER COEFFICIENT
C TRANS,TEMPERATURE SURR,TIME INTERVAL FOR DOUBLE CYCLE DT. THE THO-
C MAS ALGORITHM IS CALLED AS A SUBROUTINE„ TO COUNTER INSTABILITY, A
C BACKWARD DIFFERENCE EQUATION IS USED AT THE SURFACE. .
C *** *■£*#■***#**•**-at****-***.*-*** ***■* *******
C THIS PROGRAM REQUIRES ICL 1900 EXTENDED FORTRAN
INTEGER R,S,H
DIMENSION U(121,5),V(121,5),TEMP 
1 ),TU(121 ), DGRAD (1 1 ,4),HGRAD(
R-120 
S=4
READ (5,30) BL,ST,SURR,DDT 
CONV=ST-SURR 
DT=0.5*DDT 
DX=BL 
DY=BL 
H=R+1 
M=S+1
DO 1 J=1,S+1 
DO 1 1=1,R+1
u (i,j V=1o
V(I,J)=1.
1 TEMP(I,J)=ST 
T=0.
DO 27 ICYCLE=1,20 
DO 29 JCYCLE=1,2 
C FIRST HALF CYCLE OF ALTERNATING*
C TING I FIRST
Q Wr#’¥rM-yrWr¥r%r&%r,¥:
T=T+DT 
C FOR J=1,I=1
BH=FH(TEMP(1,1),DY)
CALL ALPHA (TEMP (1,1 ) ,DX,DY,DT,BI 
B(1)=BB-BH
C( 1 ) — 2 o
D(1 ) = (BD-2.-)*V(1,1 )
C FOR J=1,1=2 TO R
DO 2 1=2,R 
BH=FH(TEMP(1,1),DY)
' CALL ALPHA(TEMP(1,1),DX,DY,DT,BI 
A (I )=1 o 
B(l)=BB 
C (I ) = 1
2 D(l)=(BD-2.)*V(l,1 )
C FOR J=1,I=R+1
BH=FH (TEMP (R+1 ,1 ), DY)
CALL ALPHA(TEMP(R+1,1),DX,DY,DT,
A(R+1)=2.
b (r+i)=BB
c (r+i)=o.
d (r+i)=(BD-2.)*V(R+1,1)
CALL TALG(H,A,B,C,D,TU)
DO 3 1=1, R+1
3 U(T,1)=TU(I)
C ' FOR J=2 TO S
DO 8 J=2,S
BH=FH (TEMP (1 , J), DX)
21 ,5 J, A (121 J,B(121 ),C(121 ;,D 
1,4),VGRAD(11,4)
-DIRECTION-IMPLICIT METHOD,INCREMEN
f  *  -X- * •  -X- * *  * -  ¥r * * * * * * * * * * * * *  * * * * * * *  *  *  *  *
3,BD)
,BD)
BB,BD)
CALL ALPHA(TEMP(1,J},DX,DY,DT,BB,BD)
B(1)=BB-BH
C(1 )=2 o
D(1 )=(BD-2. )*V(l,j)
DO 9 1=2,R
CALL ALPHA(TEMP(I,J),DX,DY,DT,BB,BD)
A(l)=1„
B(l)=BB :
C (I )=1 <>
9 D(l)=-V(l,J-1 )+BD*V(l,J)-V(I,J+1 )
CALL ALPHA(TEMP(R+1,J),DX,DY,DT,BB,BD)
A (R+1 )=2,
BfR+1)=BB 
C(R+1)=0„
D(R+1 )=-V(R+1 , J-1 )+BD*V(R+1 , J)-V(R+1 ,J+1 )
CALL TALG(H,A,B,C,D,TU)
DO 10 1=1, R+1 .
10 U(T, J)=TU(I)
8 CONTINUE
C FOR J=S+1
BH=FH(TEMP(1,S+1),DX)
CALL ALPHA (TEMP (1, S+1 ),DX,DY,DT,BB,BD)
B(1 )=(BB-BH)
Cm }=2®
D(1 ; = (BD-2. )*V(1 ,S+1 )
D011 1=2,R
CALL ALPHA(TEMP(I,S+1 ),DX,DY,DT,BB,BD)
A(l)=1.
b (i)=bb
q (X )=1 0
11 D(l)=-2.*V(I,S)+BD*V(I,S+1 )
CALL ALPHA (TEMP (R+1, S+1 ) ,DX,DY,DT,BB,BD)
A(R+1)=2„ 
b (r+i )=BB 
c (r+i)=o .
D(r+1)=-2.*V(R+1,S)+BD*V(R+1,S+1)
CALL TALG(H,A,B,C,D,TU)
DO 12 1=1,R+1
12 U(I,S+1)=TU(I)
DO 13 J=1,S+1 
DO 13 1=1, R+1
TEMP (I,J)=U(I,J) *C01W+SURR
13 V(I,J)=U(I,J)
C SECOND HALF CYCLE OF ALTERNATING DIRECTION IMPLICIT METHOD,INCREM-
C ENTING J FIRST
T=T+DT 
C FOR 1=1,J=1
BH=FH(TEMP(1,1),DX)
CALL ALPHA(TEMP(1,1),DY,DX,DT,BB,BD)
B(1)=BB-BH
Q h  )
D(1 ) = (BD-2„)*V(1,1 )
C FOR 1=1,J=2 TO S
DO 1U J=2,S 
BH=FH (TEMP (1 , J), DX )
CALL ALPHA (TEMP (1 , J),DY,DX,DT,BB,BD)
A(J}=1„
b (j)=bb 
c (j)=i. ■
14 D(j; = (BD-2. ;*V(1 ,JJ 
C FOR I=1,J=S+1
BH=FH(TEMP(1,S+1),DX)
CALL ALPHA(TEMP(l ,S+1 ),DY,DX,DT,BB,BD) 
A(S+1)=2„
B(S+1)=BB 
C(S+1)=0.
d (s+1 )=(BD-2„)*V(1,S+1 )
CALL TALG(M,A,B,C,D,TU)
DO 15 J=1,S+1
15 U(1,J)=TU(J)
C FOR 1=2,R
DO 20 1=2,R 
BH=FH(TEMP(1,1),DY)
CALL ALPHA(TEMP(1,1),DY,DX,DT,BB,BD)
B(1)=bb-bh
C(1 j=2•
D(1 )=(BD-2.)*V(l,1 )
DO 21 J=2jS
CALL ALPHA(TEMP(I,J),DY*DX,DT,BB,BD) 
A(J)=1. •
C ( J )-1
21 D(J)=-V(X-1,J)+BD*V(l,J)-V(l+1,j)
CALL ALPHA(TEMP(I,S+1 ),DY,DX,DT,BB,BD)
A (S+1 )=2.
B(S+1}=BB
c ( s+ i ) = o .
d (s+1 )=-v (x-i ,S+1 )+BD*V(T,S+1 )-V(I+1,S+1 ) 
CALL TALG(M,A,B,C,D,TU)
DO 22 J=1,S+1
22 U(I,J)=TU(J)
20 CONTINUE
C ' FOR I=R+1
BH=FH(TEMP(R+1,1),DY)
CALL ALPHA(TEMP(R+1,1),DY,DX,DT,BB,BD)
B(1 )=BB-BH 
C(1 )= 2 .
D(l }= (BD-2. )*V(R+1,1 )
DO 23 J=4,S
CALL ALPHA(TEMP(R+1,J),DY,DX,DT,BB,BD) 
A(J)=1.
b (j )=bb
C(j) = 1 .
23 d (j)=-2.*V(R,J)+BD*V(R+1,J)
CALL ALPHA(TEMP(R+1,S+1),DY,DX,DT,BB,BD)
A (S+1 )=2o 
B(S+1)=BB 
C (S+1 1=0,
D(S+1 )=-2. *V (R, S+1 )+BD*V(R+1,S+1 )
CALL TALG(M,A,B,C,D,TU)
DO 24 J=1,S+1
24 U(R+1,J)=TU(J)
DO 25 J=1,S+1 
DO 25 1=1,R+1
TEMP(I,J)=U(I,J)+CONV+SURR
25 V(I,J)=U(I,J) . .
IF (JCYCLE.EQ.2) GO TO 40
WRITE (6,31) T 
GO TO 42
40 WRITE (6,33) T 
42 DO 26 1=1,11
26 WRITE (6,32) (TEMP(I,j),J=1,5)
TDIFF=TEMP(R+1 ,S+1 )-TEMP (1, S+1 )
WRITE (6,37) TDIFF
29 CONTINUE
27 CONTINUE
WRITE (10) (T) :
DO 47 J=1,S+1 
47 WRITE (1 0) (v(l,j),I=1,R+1 )
REWIND 10
30 F0RMAT(E7.5,2(F5.1),F5.3)
31 FORMAT(1H1/////T23,'TEMPERATURE DISTRIBUTION AT TIME ',F5.3,' SECO 
1NDS'//)
32 FORMAT(24X,5(F6,2,3X)/) • .
33 FORMAT(///T23,'TEMPERATURE DISTRIBUTION AT TIME ',F5.3,1 SECONDS*/ 
1/) .
34 FORMAT(//T25,'HORIZONTAL DERIVATIVE AT TIME *,F5.3, * SECONDS’//)
35 FORMAT(lHI//7//T26,'VERTICAL DERIVATIVE AT TIME *,F5.3,1 SECONDS */ 
1/)
36 FORMAT(///T26,'DIAGONAL DERIVATIVE AT TIME *,F5.3, 1 SECONDS*//)
37 FORMAT(//T21,'TEMPERATURE DIFFERENCE BETWEEN MID-EDGE AND CENTRE*/ 
11H ,T31,'OF PLATE = *,f6.2,* DEGREES C')
38 FORMAT (25X, 4 (F6.2, 5X)/)
STOP
END
SUBROUTINE TALG(N,SA,SB,SC,SD,SU)
THOMAS ALGORITHM AS SUBROUTINE
DIMENSION SA(121 ),SB(121 ),SC(121 ),SD(121 ),SU(121 ),BETA(121 ),GAMMA( 
1121)
BETA(1 )=SB(1 )
GAMMA(1 )=SD(1 )/SB(l )
DO 40 1=2,N
BETA(l)=SB(l)-SA(l)*SC(l-1 )/BETA(l-1 )
40 GAMMA(1)=(SD(i)-SA(I)*GAMMA(I-1 ))/BETA(l)
SU(N)=GAMMA(N)
DO 41 K=2,N 
L=N-K+1
41 SU (L) =GAMMA (L) - SC (L) *SU (L+1 )/BET A (L)
RETURN
SUBROOTINE ALPHA(THETA,TDLA,TDLB,TDT,TBB,TBD) 
VARIATION OF DIFFUSIVITY FOR CU-BE 
SC0ND=0o11+0.0003625+THETA
A=SCOND/((0.11+0„00005*THETA)*(8.23-0.00041*THETA)) 
DEN=A*TDT
END
TBB=-2„-TDLA* +2/DEN 
TBD=2„-TDLB**2/DEN
RETURN
END
FUNCTION FH(STEMP,SDL)
VARIATION OF H (T.S.150 AND CU-BE- 
TRANS=0.055
FH=2.*SDL*TRANS/(0.11+0.0003625*STEMP)
RETURN
END
FINISH
515.24 516,19 516,88 517,28 517.42
516,13 517,07 517,75 518.15 518.28
517.17 518,11 518,78 519,18 519,31
513,18 519,11 519,78 520,19 520,32
519,16 520,10 520,7? 521,17 521,30
520,12 521,05 521,72 522,13 522.26
521.05 521,99 522,66 523,06 523,20
521 .95 522.89 523,57. 523,97 524,10
522,84 523,78 524,45 524,85 524,99
523.69 524,63 525,31 525,71 525.85
524,52 525,47 526,16 526,55 526.68
TEMPERATURE DIFFERENCE b e t w e e n MIDk EDQE a n d c e n t r e  
of PLATE S 29,62 DEGREES C
TEMPERATURE DISTRIBUTION at TIME 1.080 SECONDS
509.74 510.63 . 511,36 511,76 511.90
510.62 511 ,56 512,22 512,62 512.75
511.65 512,58 513,24 513,64 513,77
512,65 513,58 514,24 514,64 514,77
513.62 514,55 515,21 515,61 515,74
514.57 515,50 516,16 516,56 516,69
515,49 516,42 517,09 517,49 517.62
516.39 517.32 517,99 518,39 518.52
517.26 518,20 518,86 519,26 519,39
518.11 519,05 - 519,71 520,11 520.25
518.94 519.87 520,54 520,94 521,08
TEMPERATURE DIFFERENCE BETWEEN MID«EDGE AND CENTRE 
OF PLATE a 29,66 DEGREES C
504,33 505,26 505,93 506,33 506.46
505,21 506,13 5 06,79 507,18 507.31
506,22 507,14 507,80 508,19 508.32
507.21 508,13 508,79 509 , 1 8 509,31
508,17 509.09 309,75 510,14 510.28
509.11 510,03 510,69 511,08 .511 ,22
510.03 510.95 511,61 512,00 512,13
510,92 511,84 512,50. 512,89 513.02
511,78 512,71 513,37 513,76 513.89
512.63 513,55 514,21 514,61 514.74
513.45 514,37 515,03 515,43 515.56
TEMPERATURE DIFFERENCE BETWEEN MID*EDGE AND CENTRE 
OF PLATE a 29,68 DEGREES C
TEMPERATURE DISTRIBUTION AT TIME 1,140 SECONDS
499. 01 499,93 500, 59 500,,99 501 .12
499, 38 500,79 501 ,44 501,,83 501 .96
500, 88 501,79 502, 44 502,,83 502. 96
501 ,36 502.77 503, 42 503,,81 503, 94
502, 82 503,73 504, 38 5 04,s 77 504. 90
503. 75 504,66 505, 31 505,,70 505. 83
504, 65 505.56 506, 21 506,,60 506. 73
505 ,54 506,45 507, 10 507,,49 507. 62
506, 39 507.31 507, 96 508,,35 508. 48
507. 23 508,14 508, 80 509,,19 509 .32
503. 04 508.96 509 ,61 510,,00 510. 13
TEMPERATURE DIFFERENCE BETWEEN M I D * E D G E AND CENTRE 
OF PLATE a 29.68 DEGREES C
Appendix 4
Volume Changes for Zone Compositions 
CuBe and Cu^Be
This calculation assumes the zone structure to be face-centered . 
tetragonal with c = 3.22 S and Man equal to the lattice parameter 
of the solid solution. The values of the latter are determined as a 
continuous function by the function segment FAR. Two compositions, 
10o0 and 12o0 per cent (atomic) of beryllium are used, and the volume 
change calculated for overall compositions CuBe and Cu^Be.
MASTER CUBE
DIMENSION IT(100),JT(50,2),WVOL(1 00) , TVOL (50,2)
EQUIVALENCE (IT(1 ), JT(1 ,1 )), (WV0L(1 ),TVOL(l , 1 ))
DO 1 N=1,2 
C=N+1 
ATF=0 .1 
WP=1o55
DO 4 K=1 ,2 :
ATP=ATF*1 00,
par=far(atf)
XVOL=PAR**3.
DO 2 M=1 ,100 
TF=M
ZT0T=C*ATF*TF/100.
ST0T=1.-ZTOT
sbe=atf-ztot/c
satf=sbe/stot
DPAR=PAR(SATP)
ZV0L=ZT0T*DPAR**2.*3»22 
SVOL=STOT*DPAR**3.
RVOL=ZVOL+SVOL
DIV=(RVOL-XVOL)*100,/XVOL
WVOL(m )=DIV
2 IT(M)=M 
WRITE (6,30)
IP (N.EQ.2) GO TO 5 
WRITE (6,31)
GO TO 6
5 'WRITE (6,32)
6 WRITE (6,33) ATP,VJP 
DO 3 1=1,50
WRITE (6,34) (JT(I,J),TV0L(I,J),J=1,2)
3 CONTINUE 
CALL RUNOUT(6)
CALL RUNOUT(6)
ATF=0.12
4 WP---1 .9
1 CONTINUE
30 FORMAT ( ////10X,54HV0LUME CHANGE ON DECOMPOSITION OF SUPERSATUR
1ATED SOLID)
31 FORMAT (10X,54HS0LUTI0N TO GIVE G.P.ZONES OF OVERALL COMPOSITION C 
1UBE/)
32 FORMAT (10X,55HS0LUTI0N TO GIVE G.P.ZONES OF OVERALL COMPOSITION C 
. 1U2BE/)
33 FORMAT (24X,F4.1,19H ATOMIC PER CENT BE/24X, 1 H(,F4.2,1 7H VJEIGHT PE 
1R CENT)//9X,56HBE AS ZONES,- VOLUME CHANGE, BE AS ZONES, VOLUME C 
2HANGE/11X.8HPER CENT,6X.8HPER CENT,8X,8HPER CENT,6X,8HPER CENT/)
34 FORMAT (14X,2(I3,8X,F7.4,12X))
STOP
END
FUNCTION FAR(AF)
FAR=3„608-0.33*AF
RETURN
END
FINISH
VOLUME CHANGE ON DECOMPOSITION OF SUPERSATURATED SOLID
SOLUTION TO GIVE G.P.ZONES OF OVERALL COMPOSITION CUBE
10.0 ATOMIC PER CENT BE • -
(1.55 WEIGHT PER CENT)
BE AS ZONES, VOLUME CHANGE, BE AS ZONES, VOLUME CHANGE
PER CENT PER CENT PER CENT PER CENT
1 0.0023 51 0 .1 9 8 9
2 0.0047 52 0.2047
3 0.0071 53 0.2105
4 0 .0 09 6 54 0.2164
5 0 .0 1 2 2 55 0.2224
6 0.0148 56 0 .2 2 8 4
7 0 .0 17 5 57 0 .2 34 5
8 0 .0 2 0 2 - 5 8  0.2408
9 0 .0 2 3 0 59 0.2471
10 0.0258 60 0.2534
11 0.0287 6.1 0.2599
12 0 .0 3 1 7 62 0 .2 6 6 5
13 0 .0 3 4 7 63 0.2731
14 0 .0 3 7 8 64 0 .2 7 9 8
15 0.0410 65 0 .2 8 6 6
16 0.0442 66 0.2935
17 0.0474 67 O.3005
18 0 .0 5 0 8 . 6 8  O.3075
19 0.0542 69 0.3147
20 0.0577 70 O.3219
21 0 .0 6 1 2 71 0.3293
22 0.0648 72 0 .3 3 6 7
23 0.0684 73 0.3442
24 0 .0 7 2 2 . 74 0 .3 5 1 8
25 - 0 .0 7 5 9 75 0.3595
26 0 .0 7 9 8 76 0.3673
27 0.0837 77 0 .3 7 5 2
28 0.0877 78 0.3832
29 0 .0 9 1 8 79 0.3912
30 0.0959 80 0.3994
31 0.1001 81 0 .4 0 7 7
32 0.1043 82 0.4160
33 0 .1O87 83 0.4245
34 0.1131 84 0.4331
35 0 .1 17 5 85 0.4417
36 0.1221 86 O.4505
37 0 .1 2 6 7 87 0.4593
38 0.1314 88 0.4683
39 0.1361 89 0 .4 7 7 3
40 0 .1409 90 0.4865
41 0.1458 91 0.4958
42 0.1508 92 O.5052
43 0.1559 93 0.5146
44 0 .1 6 1 0 94 0.5242
45 0.1662 95 0.5339
46 0.1714 96 0.5437
47 0 .1 7 6 8 97 0 .5 5 3 6
48 0 .1 8 2 2 ' 98 0 .5 6 3 6
49 0.1877 99 0.5737
50 0.1933 100 0.5840
VOLUME CHANGE ON DECOMPOSITION OF SUPERSATURATED SOLID
SOLUTION TO GIVE G.P.ZONES OF OVERALL COMPOSITION CUBE
12.0 ATOMIC PER CENT BE 
(1 .9 0 WEIGHT PER CENT)
BE AS ZONES* VOLUME CHANGE*
R CENT PER CENT
1 0 .0 0 1 9
2 0o0039
3 0 .0 0 6 0
4 O0O081
5 0 o0103
6 0 .0126
7 0 .0 15 0
8 0 .0 1 7 5
9 0.0200
10 0 .0 22 7
11 0 .0 2 5 4
12 0.0282
13 0o0311
14 0.0340
15 0.0371
16 0.0402
17 0.0434
18 0.0468
19 0.0502
20 0 .0 5 3 7
21 0 .0 57 2
22 0 .0 60 9
23 0 .0 6 4 7
24 0 .0 68 5
25 0.0725
26 0.0765
27 0 .0 8 0 7
' 28 0.0849
29 0 .0892
30 0.0936
31 0 .0 98 2
32 0.1028
33 0 .1075
34 0 .1123
33 0 .1172
36 0 .1222
37 0 .1 27 4
38 0.1326
39 0.1379
40 0.1433
41 0.1489
42 0.1545
43 0 .1603
44 0,1661
45 0.1721
46 0 .1782
47 0.18^ 14
48 0 .1 9 0 7
49 0.1971
50 0 .2036
BE AS ZONES * VOLUME CHANGE
3R CENT PER CENT
51 0.2102
52 0 .2 1 7 0
53 0.2238
54 0.2308
55 0.2379
56 0.2452
57 0.2525
• 58 0 .2 6 0 0
59 O.2676
60 0.2753
61 0.2831
62 0.2911
63 0.2991
64 0.3074
65 0.3157
66 0.3242
67 0 .3 3 2 8
68 0 .3 4 1 5
69 0.3504
70 0.3594
71 0.3685
72 0.3778
73 0.3872
74 0 .3 9 6 8
75 0.4065
76 0.4163
77 0.4263
78 0.4364
79 0.4467
80 0.4571
81 0.4677
82 0.4784
83 0.4892
84 0.5003
85 0.5114
86 0.5228
87 0.5342
88 0.5459
89 0.5577
90 0 .5 69 6
91 0.5818
92 0 .59^1
93 0 .6 0 6 5
94 0.6191
95 0.6319
96 0.6449
97 0 .6 5 8 0
98 0 .6 7 1 3
99 0.6848
100 0 .6 9 8 5
VOLUME CHANGE ON DECOMPOSITION OP SUPERSATURATED SOLID
SOLUTION TO GIVE G . P .ZONES OF OVERALL COMPOSITION CU2BE
10,0 ATOMIC PER CENT BE 
(1 .55 WEIGHT PER CENT)
BE AS ZONES, VOLUME CHANGE, BE AS ZONES, VOLUME CHANGE
PER CENT PER CENT PER CENT PER CENT
1 -0.0104 51 -0.4194
2 -0 .0 2 0 7 52 -0.4250
3 -0 .0 3 0 9 53 -0.4304
4 -0.0410 54 -0.4358
5 -0.0511 55 -0.4410
. 6 -0.0611 56 -0.4461
7 -0 .0 7 1 0 57 -0 .4 5 1 0
8 -0.0809 • 58 -0.4559
9 -0 .0 90 6 59 -0 .4 60 6
10 -0 .1 0 0 3 60 -0 .4 6 5 2
11 -0 .1 0 9 9 61 -0 .4 69 6
12 -0 .1 1 9 5 62 -O.4739
13 -0 .1 2 8 9 63 -0.4781
14 -0.1383 64 -0.4821
15 -0 .1 47 6 65 -0 .4 8 6 0
16 -0 .1 5 6 8 66 -0 .4 8 9 8
17 -0 .1 6 5 9 67 -0 .4 9 3 4
18 . -0 .1 7 4 9 68 -0 .4 9 6 9
19 -0.1839 69 -0 .5 0 0 2
20 -O.1927 70 -0.5034
21 -0 .2 01 5 71 -0.5064
22 -0 ,2 10 2 72 -0 .5 0 9 3
23 -0 .2 1 8 8 73 -0.5121
24 -O.2273 74 -0.5146
25 -0.2357 75 -O.5171
26 -0.2440 76 -0.5193
27 -0.2522 77 -0.5215
28 -0.2604 78 -0.5234
29 -0.2684 79 -O.5252
30 -0.2764 80 -0 .5 2 6 8
31 -0.2842 81 -0 .5 2 8 3
32 -0 .2 9 2 0 82 -0 .5 2 9 6
33 -0 .2996 83 -0.5307
34 -0 .3 0 7 2 84 -0 .5 31 6
35 -0.3146 85 -0.5324
36 -0 .3 2 2 0 86 -0.5330
37 -O.3292 ' 87 -0.5334
38 -0.3364 88 -0.5336
39 -0.3434 89 -0.5337
40 -0.3504 90 -0.5336
41 -0.3572 91 -0.5332
42 -0.3639 92 -0.5327
43 -0.3705 93 -0.5320
44 -0 .3 7 7 0' - 94 -0.5311
45 -0.3834 95 -0 .5 3 0 0
46 -0.3897 96 -0 .5 2 8 7
47 -0.3959 97 -0.5272
48 -0.4019 98 -0.5255
49 -0.4079 99 -0 .5 2 3 6
50 -0 .4 1 3 7 100 -0 .5 2 1 5
VOLUME CHANGE ON DECOMPOSITION OF SUPERSATURATED SOLID
SOLUTION TO GIVE G.P.ZONES OF OVERALL COMPOSITION CU2BE
12.0 ATOMIC PER CENT BE 
(1.90 WEIGHT PER CENT)
BE AS ZONES, VOLUME CHANGE, BE AS ZONES, VOLUME CHANGE
CENT PER CENT PER CENT PER CENT
1 -0 .0 1 3 8 51 -0.5537
2 -0.0275 52 -0 .5 6 0 9
3 -0.0411 53 -O.5678
4 -0.0546 54 -0.5745
5 -0 .0 6 8 0 55 -0.5811
6 -0.0813 56 -0.5875
7 -0.0945 57 -0.5937
8 -0 .1 07 6 • 58 -0.5997
9 -0 o1206 59 -0 .6 0 5 5
10 -0.1335 60 -0.6111
11 -0o1462 61 -0 .6 1 6 5
12 -0.1589 62 -0 .6 2 1 7
13 -0.1715 63 -0 .6 2 6 7
14 -0.1839 64 -0 .6 31 5
15 -0 .1 96 3 65 -O06361
16 -0.2085 66 -0.6404
17 -0 o2206 67 -0.6446
18 -0.2326 68 -0.6485
19 -0.2445 69 -0 .6 5 2 2
20 -0 .2 56 3 70 -0.6557
21 -0 .2 6 7 9 71 -0 .6 5 8 9
22 -0 .2 7 9 4 72 -0 .6 6 1 9
23 -0 .2 9 0 8 73 -0.6647
24 -0.3021 74 -0.6673
25 -0 .3 13 3 75 -O.6696
26 -0 .3 24 3 76 -0 .6 71 6
27 -0 .3 35 2 77 -0.6734
28 -0.3460 78 -0 .6 7 4 9
29 -0.3566 79 -0 .6 7 6 2
30 -0.3671 80 -0.6772
31 -0.3775 81 -0 .6 7 8 0
32 -0.3877 82 -0 .6 7 8 5
33 -0.3978 a3 -0 .6 7 8 7
34 -0.4077 84 -0 .6 7 8 6
35 -0.4176 85 -0 .6 7 8 2
36 -0.4272 86 -0 .6 7 7 6
37 -0.4368 • 87 -0 .6 7 6 7
38 -0.4461 88 -0.6754
39 -0.4554 89 -0.6739
40 -0.4644 90 -O06720
41 -0.4734 91 -0 .6 6 9 9
42 -0.4821 92 -0 .6 6 7 4
43 -O.4907 93 -0.6646
44 -0.4992' ' 94 -0.6614
45 -0.5075 95 -0 .6 5 8 0
46 -0.5156 96 -0.6542
47 -0.5236 97 -0 .6 5 0 0
48 -0.5314 98 -0.6455
49 -0.5390 99 -0.6406
50 -0.5465 100 -0.6354
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